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Samenvatting
Het beginpunt van dit proefschrift zijn drie belangrijke trends binnen de he-
dendaagse onderzoekswereld. De eerste trend is gelinkt aan de snelle opmars
van draagbare, kleine of soms zelfs onzichtbare toepassingen waarvoor steeds
verder geminiaturiseerde technologische bouwblokken nodig zijn. Voorbeelden
van dergelijke toepassingen vinden we onder meer in smartphones, tablets en
smart TV’s die de gebruiker in een oogwenk toegang verschaft tot sociale media,
persoonlijke muziek en dataopslag. Ook toepassingen om allerlei functies van
het menselijk lichaam te monitoren maken gebruik van deze miniaturisatietrend.
Denken we maar aan applicaties om ademhaling, hartslag of spierbelasting op te
meten. Naast de gebruiker kan hierbij ook de behandelende arts informatie krij-
gen over de toestand van de patie¨nt. Deze miniaturisatietrend beperkt zich niet
tot de consumentenapplicaties maar reikt veel verder. Andere applicaties zijn bij-
voorbeeld implanteerbare systemen, ruimtevaarttoepassingen of het monitoren
van de integriteit van bruggen en gebouwen. Gebruikers van al deze toepassin-
gen zijn steeds op zoek naar lichtere en kleinere meetsystemen.
Een tweede belangrijke pijler voor deze doctoraatsthesis is het toenemend ge-
bruik van sensoren in allerlei soorten toepassingen. Micro’s en camera’s zijn
enkele van de meest gekende sensorapplicaties. Recentere voorbeelden vinden
we bijvoorbeeld in de automobielindustrie, zoals parkeer- of neerslagsensoren.
Verder zijn ook touchscreens, RF-IDs en anti-diefstalsystemen populaire senso-
rapplicaties. Zulke “artificie¨le zintuigen” bootsen e´e´n van de vijf menselijke zin-
tuigen na en maken tegenwoordig deel uit van ons dagelijks leven, vaak zonder
dat we er ons van bewust zijn.
Een derde trend is de invoering van fotonische systemen. Deze systemen zijn
gebaseerd op de propagatie van licht, door lichtdeeltjes (fotonen) te gebruiken
als informatiedrager of als sensormedium. Fotonische of optische sensoren be-
zitten verschillende unieke eigenschappen die hen een concurrentieel voordeel
opleveren ten opzichte van de traditionele, elektronische sensoren. Het meten
van de sensorrespons gebeurt namelijk door een wijziging van de eigenschappen
van licht dat propageert in een optisch medium, bijvoorbeeld een optische vezel.
Enkele voorbeelden van deze voordelen zijn hun gevoeligheid, immuniteit voor
elektromagnetische interferentie en het inerte karakter van de sensoren. Daar-
naast laten hun laag gewicht, beperkte grootte (dimensies van een optische vezel
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zijn vergelijkbaar met een menselijk haar) en robuustheid ook toe ze in te zetten
binnen omgevingen waar geen, of slechts onder zeer strikte voorwaarden, elek-
trische toepassingen mogen worden gebruikt (bijvoorbeeld bij hoge temperatuur
of druk). Optische vezelsensoren in het bijzonder laten op een zeer eenvoudige
wijze multiplexing toe en bieden de mogelijkheid tot een lagere productiekost.
Het gebruik van fotonische systemen beperkt zich niet tot sensortoepassingen.
Ze zijn alomtegenwoordig in dagdagelijkse toepassingen maar worden ook nog
zeer intensief onderzocht in de wetenschappelijke wereld. Een aantal voorbeel-
den hiervan zijn verlichting, metrologie, spectroscopie, holografie, chirurgie en
laser ablatie van materialen.
We vestigen nu de aandacht op geminiaturiseerde optische sensoren die met be-
hulp van de hierboven beschreven recente technologische ontwikkelingen wer-
den ontworpen. Deze optische sensorsystemen, en in het bijzonder de optische
vezelsensoren, bieden zoals eerder vermeld een brede waaier aan voordelen die
hen multifunctioneler maken tegenover hun elektronische tegenhangers. Hoe-
wel er dus een enorm potentieel is, blijft het marktaandeel van optische sensoren
echter nog steeds beperkt. Binnen dit doctoraatsonderzoek is het dan ook de be-
doeling een aantal van de traditionele showstoppers weg te nemen en de toepas-
baarheid van optische sensoren te vergroten. Op verschillende gebieden, onder
andere optische koppeling, efficie¨nte overdracht van rek of andere sensorparame-
ters, verpakking, integratie en betrouwbaarheid, kunnen nog belangrijke stappen
gezet worden. De drie eerder beschreven trends worden binnen dit doctoraat ge-
combineerd in een doorgedreven integratie van zowel de optische sensoren als de
bijhorende opto-elektronische componenten. Het integratieproces maakt gebruik
van polymere materialen en beperkt zo de dimensies van het sensorsysteem tot
een minimum.
Naast de bovenvermelde uitdagingen op het gebied van optische (vezel)sensoren,
is er ook nood aan performante uitleeseenheden die op dit moment vaak te groot
en moeilijk te bedienen zijn. Een ander struikelblok dat vaak wordt aangehaald is
de complexe installatie van deze sensoren die enkel kan worden uitgevoerd door
gespecialiseerd personeel. Verder is er ook sterke competitie van de geminia-
turiseerde sensoren gebaseerd op Micro-Elektromechanische systemen (MEMS).
Binnen dit onderzoek gaan we daarom nog een stap verder door een flexibele of
zelfs rekbare folie te ontwikkelen waarin naast alle sensoren ook de aandrijf(opto-
)elektronica kan worden geı¨ntegreerd. Zo wordt een artificie¨le fotonische huid
gecree¨erd die op of rond om het even welk oppervlak kan worden aangebracht
of gewikkeld. Door het multiplexen van verschillende sensorpunten in combi-
natie met de integratie in polymere substraten krijgt het systeem bovendien een
quasi-gedistribueerd karakter.
De integratie van optische sensoren samen met de nodige optische bronnen en
detectoren levert een nieuw sensorconcept op: een fotonische huid gebaseerd op
optische sensoren. Voor de eerste keer worden optische sensoren gecombineerd
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met opto-elektronische componenten en ingebed in flexibele of rekbare polyme-
ren. Dit sensorconcept vindt toepassingen in zeer verschillende ingenieursdo-
meinen zoals de automobielindustrie, robotica, gezondheidszorg etc. Door het
toenemend vertrouwen in de robuustheid en betrouwbaarheid van ingebedde
optische vezelsensoren vinden ze tegenwoordig ook ingang in de olie- en gasin-
dustrie.
Na de twee eerste - inleidende - hoofdstukken komt in hoofdstuk 3 de integra-
tie van optische vezelsensoren in polymere materialen aan bod. Het resultaat is
een rigide, flexibele of rekbare sensorfolie, voorzien van een ingebedde optische
vezel. Afhankelijk van de toepassing en daarmee gepaard gaande vereisten op
gebied van mechanische en ruimtelijke gevoeligheid kan een inbedmateriaal met
verschillende mechanische eigenschappen worden gekozen. Ormocer (een pro-
duct van Micro resist technology) is een materiaal dat vaak wordt gebruikt als
circulaire coating voor een optische vezel. Binnen dit doctoraat zal het worden
aangewend als hard “huid” materiaal voor de fabricage van planaire sensorfolies.
Als rekbaar inbedmateriaal wordt een rubberachtige silicone gebruikt, PDMS.
Standaard optische vezels zijn gemaakt van glas en worden vervaardigd met een
trekproces startende van een preform. Sensoren worden vervolgens ingeschre-
ven door een invallend interferentiepatroon van een UV bron. Het resultaat is een
optische filter die een welbepaalde golflengte, varie¨rend onder invloed van tem-
peratuur, rek en druk, reflecteert. Ook speciale types vezelsensoren met unieke
sensoreigenschappen worden gebruikt in dit proefschrift. Zo hebben polymere
vezels een hogere mechanische flexibiliteit en compatibiliteit met biomedische
toepassingen. Verder wordt ook een speciaal type glasvezel gebruikt gebaseerd
op microstructuren (luchtgaten) rond de vezelkern. Dit type vezelsensor maakt
het mogelijk de gevoeligheid van de sensor te varie¨ren voor verschillende externe
parameters. Overspraak tussen verschillende meetgrootheden kan op deze ma-
nier worden beperkt en de gevoeligheid voor transversale rek en hydrostatische
druk kan merkbaar worden verhoogd.
Sensoren die worden gebruikt in biomedische toepassingen moeten worden inge-
bed in biocompatibele of soms zelfs implanteerbare systemen. Daarom is ook een
cilindrische versie van de inbedtechnologie ontwikkeld die het mogelijk maakt
om vezelsensoren te integreren in tubulaire systemen. Een typisch voorbeeld dat
gebruik maakt van een dergelijke technologie vinden we bijvoorbeeld terug bij
een gastroscopisch onderzoek. Bij een dergelijk onderzoek kan het monitoren
van drukgolven die propageren in de slokdarm een grote bron van informatie
zijn. Een sensorsysteem gebaseerd op verschillende meetpunten in een polymere
vezelsensor en ingebed in een flexibel cilindrisch polymeer met een diameter van
≈ 4.5 mm wordt ook beschreven in hoofdstuk 3. Bij het vergelijken van de presta-
ties van deze polymere vezelsensor met de standaard glasvezelsensoren, stellen
we een verhoging van de gevoeligheid met een factor 6 vast.
Net zoals elke elektronische component een elektrische voeding nodig heeft,
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heeft elk optisch element een lichtbron nodig om te kunnen functioneren. Hoofd-
stuk 4 beschrijft de ontwikkeling van een verpakkingstechnologie voor het in-
tegreren van de nodige perifere opto-elektronische componenten. Om de me-
chanische flexibiliteit en compatibiliteit met fotonische huid te behouden, wordt
getracht deze componenten en bijhorende verpakking zo klein en discreet mo-
gelijk te maken. Om deze “ultra-dunne” modules te vervaardigen wordt er
vertrokken van de onderzoekservaring op het gebied van het verpakken van
chips, beschikbaar binnen het Centrum voor Microsysteemtechnologie (CMST)
via de doctoraatsproefschriften van Wim Christiaens (ultra-dunne chip techno-
logie), Erwin Bosman (flexibele opto-elektronische verpakking), Jeroen Missinne
(aanbrengen van rekbare sensorlagen en ontwikkeling van vervormbare optische
tactiele sensoren) en Rik Verplancke (verpakkingstechnologie voor rekbare mi-
crosystemen). Deze “ultra-dunne” integratiefilosofie wordt binnen dit onderzoek
voor de eerste maal toegepast op chips met contactpaden op de substraatkant
(achterkant van de chip). Aangezien de chips worden verdund tot 20 µm tijdens
het integratieproces, wordt de achterste contactlaag ook weggenomen. Een depo-
sitie van nieuwe contactlagen met bijhorende thermische stappen is noodzakelijk
om een goede werking van de chip te garanderen.
Wanneer deze opto-elektronische componenten (lasers, fotodiodes, etc.) worden
gecombineerd met vezelsensoren, is het belangrijk dat de optische modestruc-
tuur overeenkomt. Daarom werden ook single-mode componenten ingebed. Een
opto-elektronische verpakking met een totale dikte van 40 µm is het resultaat van
dit hoofdstuk. Deze chipverpakking is voorzien van een actieve component, een
heatsink en een elektrische uitwaaiering om connectie met de buitenwereld te
maken.
Hoewel het gebruik van optische vezelsensorsystemen gestaag toeneemt, blijft
de systeemkost e´e´n van de grootste struikelblokken die een volledige doorbraak
van deze systemen belemmert. De belangrijkste factor binnen de totale kost van
een dergelijk systeem is veelal gelinkt aan de koppeling van optische vezels of
andere lichtgeleidende structuren met bronnen en detectoren. Aligneringsnauw-
keurigheden van 1 µm of zelfs minder zijn vaak noodzakelijk om het optische
vermogenbudget hoog genoeg te houden. Dit brengt met zich mee dat de kop-
peling actief moet gebeuren door het oplichten van de optische structuren tijdens
het koppelproces om zo de koppelefficie¨ntie te maximaliseren. Het oplichten
van elke individuele component bemoeilijkt uiteraard een efficie¨nt (bijvoorbeeld
“roll-to-roll”) fabricage proces. Het is met andere woorden van groot belang om
de koppelingstructuur en -technologie de nodige aandacht te geven, zowel in de
fase van het ontwerp, als bij het ontwikkelen van een prototype als bij de fabri-
cage van optische systemen.
In hoofdstuk 5 wordt daarom een op maat gemaakte vezelkoppeltechnologie ont-
wikkeld om een kostenefficie¨nte, geı¨ntegreerde koppeling te voorzien van een
laser naar een optische vezel en van een optische vezel naar een detector. Naast
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het actieve koppelingsproces bestaat de belangrijkste uitdaging erin de compati-
biliteit met de vlakke sensorfolies en de ultra-dunne laser- en detector- chipver-
pakkingen uit hoofdstuk 3 en 4 te behouden. Het resultaat is een koppelplug,
bestaande uit PMMA materiaal, met een geı¨ntegreerde spiegel op micrometer
niveau aan de optische vezel. Een optische link bestaande uit een Verticaal Emit-
terende Laser (VCSEL), 2 vezelkoppelpluggen en een detector resulteert zo in een
totaal verlies van 7 dB (volledig single-mode systeem). De PMMA plug heeft een
dikte van 500 µm en is bijgevolg compatibel met de toepassingen die we voor
ogen hebben, gebaseerd op het concept van de optische sensorhuid.
Alle technologieblokken, ontwikkeld binnen dit doctoraat, werden zo generiek
mogelijk gehouden om op die manier de bruikbaarheid niet te beperken tot sen-
sortoepassingen. De karakterisatie en testresultaten zijn echter gebaseerd op op-
tische vezelsensorsystemen. Dergelijke volledig ingebedde systemen, bestaande
uit geı¨ntegreerde lasercomponenten, detectoren en vezelsensoren, worden be-
schreven in hoofdstuk 6. Een snel, kostenefficie¨nt en uiterst nauwkeurig interro-
gatiesysteem voor vezelsensoren is het resultaat (demonstratie van een dynami-
sche sensoruitlezing aan 1 kHz en 1000 meetpunten per interrogatiecyclus). Het
beperkte golflengtebereik van de lasercomponenten zorgt ervoor dat het multi-
plexen van verschillende sensorpunten met dit uitleessysteem de belangrijkste
uitdaging blijft. Door gebruik te maken van verschillende, in parallel werkende,
optische bronnen, of een speciaal type verticaal emitterend lasers (met een hoger
golflengtebereik) kan dit euvel evenwel worden verholpen.
Binnen hoofdstuk 7 wordt een alternatieve optische druksensor beschreven die
gebaseerd is op het meten van verticale verplaatsingen. Het principe van deze
sensor is gelinkt aan het fenomeen “optische feedback” dat optreedt wanneer
licht wordt teruggekoppeld in een lasercaviteit. Dit interferometrisch effect is
inherent aan de laser zelf, wat ervoor zorgt dat er geen aparte sensorstructuren
(bijvoorbeeld optische vezels) nodig zijn. Op deze manier wordt ook een opti-
sche koppelstructuur vermeden, wat het integratieproces merkbaar vereenvou-
digt. Concreet wordt er vertrokken van ingebedde lasers (VCSELs) uit hoofd-
stuk 4 waar een sensor- en spiegellaag wordt aan toegevoegd. De sensorlaag is
een samendrukbare PDMS laag die een extern uitgeoefende druk omzet in een
verandering van de caviteitslengte van de laser. De spiegellaag zorgt voor de
terugkoppeling van licht in de lasercaviteit. In dit hoofdstuk worden lasercom-
ponenten op 850 nm gebruikt die een interferometrisch signaal voortbrengen met
een periode van 425 nm. Met behulp van dit sensorprincipe wordt het bijgevolg
mogelijk om verplaatsingen op nanometer schaal te visualiseren. Deze sensor
kan ook worden uitgelezen met een optische detector of een spectrometer. We
hebben er echter voor gekozen om de uitlezing elektronisch te doen om geen
extra componenten te moeten toevoegen en zo geı¨ntegreerde metingen moge-
lijk te maken. Dit resulteert in een gevoeligheid van 4.71 µm/nm. Verder laat
het gebruik van laserrijen op chipniveau gemultiplexte metingen met een hoge
i
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densiteit (spatie¨ring tussen twee lasers is typisch 250 µm) toe. De ruimtelijke uit-
gestrektheid van een sensorpunt is 200 µm (overeenkomend met een halvering
van de sensorrespons).
Hoofdstuk 8 besluit deze verhandeling met een oplijsting van de belangrijkste
bijdrages in verschillende branches binnen de optische sensorwereld. Ook wordt
een kort overzicht gegeven van de verschillende demonstratoren die werden ont-
wikkeld en wordt er teruggekeken naar de initieel gedefinieerde objectieven.
i
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Summary
The starting point of this dissertation is the observation of three major trends in
today’s technology research. A first trend is the evolution towards ever-smaller
technology building blocks providing the necessary tools to create portable,
wearable and unobtrusive applications. These applications include all kinds of
“smart” devices providing instant connectedness to social media, music, per-
sonal storage, etc. Also applications developed to monitor vital human functions
(respiration, heart rate, muscle overload), providing feedback to the patient but
also to the treating physician, make extensive use of these recent miniaturiza-
tion technology advances. This miniaturization trend is definitely not limited to
consumer applications but extends much further. One can for example think of
implantable devices, aerospace applications or structural health monitoring of
bridges and buildings continuously seeking for lighter and smaller monitoring
systems.
Next to miniaturization, a second important driver for this dissertation is the ten-
dency to add sensing intelligence to a broad range of applications. Microphones
and cameras are some of the best-known sensor applications. More recent exam-
ples include humidity sensors in car windows or proximity sensors in car hoods,
but also touchscreens, RF-IDs and anti-theft systems. Such “artificial senses” are
mimicking one of the five human senses. Sensors have become part of our daily
life and are often being used without the awareness of the user.
A third development is the introduction of photonic systems. These systems are
based on the propagation of light, using it for example as an information carrier
or sensor transducer. Concerning sensing applications, the optical systems typi-
cally offer several advantages over their electrical counterparts. These are mainly
related to their sensitivity, immunity to electromagnetic interference, passiveness,
size, weight, resistance to harsh environments, multiplexing capabilities and po-
tentially also cost. Photonic systems are ubiquitous in our daily life as well as
in the most advanced branches of science including lighting, metrology, spec-
troscopy, holography, surgery, laser material processing, to name a few.
We now turn our focus to the main topic of this PhD: integrated optical sens-
ing systems and the according interrogation technologies. Owing to the above-
mentioned recent trends and associated technology advances, the emerging field
of integrated optical sensing systems is rapidly developing. Although these op-
i
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tical sensing systems, mainly based on optical fiber sensors, offer several unique
advantages making them more versatile than their electronic counterparts, their
market share is still significantly below its potential. Within this PhD, the aim
is to remove some of the traditional issues preventing these optical sensors from
penetrating the market, which include packaging, optical coupling, true strain
transfer, reliability, and fully-fledged system integration. Therefore, this disser-
tation is combining those three trends by coming up with thorough integration
of optical sensors and the associated driving optoelectronic components through
polymer embedding.
Other challenges impeding a full breakthrough within the (fiber) optical sensing
field include the need for low-cost optical interrogation units, complex installa-
tion of fiber sensor modules requiring trained personnel and the tough competi-
tion with miniaturized electrical sensors typically based on Microelectromechan-
ical Systems. A major objective of this PhD is therefore the development of a flex-
ible or even stretchable foil in which all necessary optical sensing elements can
be integrated and, if necessary, can include optical and electrical interrogation,
powering and communication. This yields an optical skin that can be wrapped
around, embedded in, attached and/or anchored to irregularly shaped and/or
moving objects, that will allow quasi-distributed sensing.
Integrating optical sensors and their associated optoelectronic driving and read-
out components enables the fabrication of photonic skins for optical sensing.
This unobtrusive photonic sensing skin is a new paradigm for optical sensors
integrated in an unprecedented manner with optoelectronic and electronic cir-
cuitry in flexible and stretchable skins for applications in various engineering
disciplines such as structural health monitoring, automotive industry, robotics,
health care etc. Furthermore, because of their robustness, optical fibers sensors
are nowadays also used in the field of oil and gas extraction.
After two introductory chapters, Chapter 3 describes the embedding of optical
fiber sensors in polymer host materials resulting in rigid, flexible or stretchable
sensing foils. Depending on the application and the required sensitivity, both me-
chanically and spatially, a different embedding material is used. Ormocer from
Micro resist technology is a popular fiber coating material. This material is used
in this dissertation as a rigid fiber embedding - optical skin - material. The stretch-
able alternative is based on PDMS, a silicone type family of materials.
Traditional optical fibers are based on silica and fabricated through a drawing
process starting from a preform. Sensors based on fiber Bragg gratings are typ-
ically inscribed using an interference pattern of a UV light source. Within this
dissertation also special types of fibers possessing unique sensing capabilities
are used. These include polymer fiber alternatives offering a higher degree of
mechanical flexibility and compliance with biomedical applications. Further-
more, a special type of silica fiber sensors based on microstructures (typically
air holes) surrounding the fiber core is embedded enabling tuning of the sensor
i
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response to different ambient parameters. Unwanted cross-sensitivity effects re-
lated to temperature variations can be reduced to a minimum and the transverse
strain/hydrostatic pressure sensitivity can significantly be enhanced.
Especially in biomedical applications there is a growing need for embedded
sensors which can be embedded in human-friendly, biocompatible or even im-
plantable systems. The different embedding techniques therefore also include a
tubular version which allows to produce embedded fiber sensors in cylindrical
shapes. An application which is demanding for this technology is esophageal
examination monitoring pressure waves propagating in the esophagus. This sen-
sor concept is introduced in Chapter 2 and further discussed within Chapter 3.
Within this last-mentioned chapter, technology is developed to come up with a
multiplexed polymer fiber sensor embedded in a cylindrical tube with a diameter
of 4.5 mm. Comparing the polymer fiber sensing tubes with the traditional silica
sensors, the polymer fiber sensors outperform their silica counterparts by a factor
6 in terms of sensitivity.
Similar to electronic components needing electrical powering, all optical ele-
ments need an optical powering source and/or detecting unit. Chapter 4 reports
on the development of a dedicated package to integrate these necessary pe-
ripheral (opto)electronic components. To fabricate these ultra-thin packages,
technology was optimized using the research experience available within the
Centre for Microsystems Technology (CMST) through the PhDs of Wim Christi-
aens (Ultra-Thin Chip Technology), Erwin Bosman (flexible optoelectronic pack-
aging), Jeroen Missinne (introducing stretchable transducer layers and devel-
opment of conformable optical tactile sensors) and Rik Verplancke (packaging
technology for stretchable microsystems). This “ultra-thin” embedding approach
is applied for the first time on chips with back-contact pads in this chapter. The
optoelectronic chips (lasers, light emitting diodes, photodetectors) are thinned
down to a thickness of 20 µm during the embedding process consequently also
removing the contact pads on the backside. Redeposition of these back-contact
layers and annealing ensure proper functioning of the thinned components.
From a fiber sensing point of view, also the modal structure of laser compo-
nents should be closely monitored. The embedding process was therefore also
extended towards single-mode components, more specifically Vertical-Cavity
Surface-Emitting Lasers (VCSELs), offering excellent compatibility with optical
sensing structures. A 40 µm thick optoelectronic package incorporating an active
component, heatsinking and electrical fan-out is the result of this chapter.
Although the use of optical fiber sensing systems is growing steadily, cost effec-
tiveness is one of the biggest challenges preventing a complete breakthrough. The
cost item which is generally the most important relates to the coupling of fibers or
waveguides to optical sources (e.g. lasers) and detectors. Often alignment ac-
curacies down to or even below 1 µm are needed implying the need for active
coupling schemes. Active coupling requires lighting up the optical structures
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to monitor and maximize the coupled optical power (into a fiber, waveguide or
photodetector) before fixing the coupling structures preventing high throughput
fabrication processes. Great care must be consequently taken when designing,
prototyping and manufacturing coupling technologies for optical systems.
Within Chapter 5 a dedicated fiber coupling technology is developed to provide
a cost-effective, integrated way to launch light emitted by a laser into an optical
fiber and to capture the light from an optical fiber by a photodetector. Next to the
active coupling process, the main challenge here is to ensure the compatibility
with the planar sensing foils and ultra-thin packaged lasers and detectors from
respectively Chapters 3 and 4. As a result, a PMMA based coupling plug with
integrated micromirror provided on the fiber itself provides a low-loss and opti-
cal skin compatible (coupling plug thickness of 500 µm) coupling scheme for the
envisaged applications. A total loss number of 7 dB is achieved for a full single-
mode optical link based on a VCSEL-photodetector system and including in- and
out-coupling as well as propagation losses.
Most of the technologies developed within this PhD are generic technologies
which can be used for other applications than sensing. The characterization and
testing results are however performed from an optical fiber sensing point of view.
A fully embedded fiber sensing system is described in Chapter 6 combining in-
tegrated lasers, detectors and fibers into a high-speed, low-cost and highly ac-
curate fiber sensor interrogation system. This system is demonstrated using a
dynamic sensor read-out with an interrogation frequency of 1 kHz while measur-
ing 1000 data points each interrogation cycle. Because of the limited wavelength
range covered by the laser components used within this chapter, multiplexing
different sensing points is the main challenge associated with this approach. This
can be solved using a combination of optical sources or using a special type of
vertically emitting sources covering a broader tuning range.
Within Chapter 7, an alternative sensor to measure pressure or vertical displace-
ments is presented. The sensing principle is based on optical feedback in a semi-
conductor laser causing interferometry effects. By using this sensing principle
inherent to the laser itself the need for fibers or waveguides and associated cou-
pling schemes is avoided. Starting from the embedded components from Chap-
ter 4, sensing intelligence is added to vertically emitting lasers (VCSELs). These
sensing features include a PDMS transducer layer to convert an externally ap-
plied pressure into a displacement and a reflecting layer recoupling the light back
into the laser cavity. This vertical displacement is changing the length of the laser
cavity and consequently adjusting the optoelectronic characteristics of the VC-
SEL. Lasers emitting at 850 nm are integrated yielding an interferometric signal
with a periodicity of 425 nm. Using this sensing principle it is consequently pos-
sible to visualize displacement variations on a nanometer scale. To maintain the
integration advantages, optical read-out measurements requiring additional pho-
todetector or spectrometer components, are avoided. Reading out the sensor is
i
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therefore done electrically providing a sensitivity of 4.71 µV/nm (displacement)
or 26.2 µV/mbar (pressure). The use of laser chip arrays enables easy and high-
density multiplexing of sensing points. The spatial range of one sensor element
is 200 µm (halving the sensor response).
Chapter 8 concludes this dissertation by listing the main contributions to the
different optical sensing branches. A short overview of the different proof-of-
principle systems is also included as well as a look back on the initially defined
objectives.
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General introduction
Important thing in science is not so much to obtain new
facts as to discover new ways of thinking about them
–Sir William Bragg (1862 - 1942)
1.1 Sensors
The continuous quest to add intelligence to a wide range of different applications,
leading to all kinds of “smart” devices and increasing the ambient awareness of
traditionally simple devices, entails a massive increase in the use of sensors. To-
day, sensors are ubiquitous and play an important role in our modern society.
Next to the use of sensors in well-known consumer electronic products such as
digital cameras, smartphones, computers, also in the processing industry, mate-
rial manufacturing, civil engineering, transport and energy production, sensors
are becoming increasingly important to monitor the influence of physical quanti-
ties. These quantities typically include temperature, pressure, strain or force [1].
Adding sensors within a wide range of technology levels is an important trend
providing a first starting point for this dissertation.
Next to the trend of adding sensing features, two other major trends are impor-
tant for the rationale of this dissertation. A first trend we can identify is the need
for miniaturization. Devices which are compact, ultra-small, sometimes even not
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2 General introduction
visible to the naked eye, enable a range of new applications. The second trend is
related to the working principles of sensors and datacom links which are becom-
ing more and more complex in order to be deployed in challenging environments
and monitor extreme ambient parameters. Especially the evolution towards op-
tical systems, being complementary to or even replacing the traditional electrical
systems, is an important motivation within the framework of this dissertation. In
the next paragraphs these trends will be discussed in more detail, not limited to
sensing but within a broader technological context.
1.2 Miniaturization
Miniaturization is referring to the creation of ever-smaller scales for mechanical,
optical, and electronic systems and products. This miniaturization trend is push-
ing through in all levels of the production cycle. One of the types of end prod-
ucts which is the most influenced by this trend are consumer electronics. Mobile
phones, laptops, MP3 players, television sets, etc. are getting thinner, smaller and
lighter or are adding more intelligence or extra features in equal space. As an ex-
ample, Figure 1.1 is depicting the evolution in terms of size of the OmniVision -
leading developer of advanced digital imaging solutions - mobile phone cameras.
Figure 1.1 – The evolution of mobile phone cameras has experienced rapid decrease in size
and cost [2]. Source: http://www.ovt.com/
One step back in the production process, several miniaturization examples can be
found on the packaging level of (opto)electronics. Through the use of for exam-
ple Surface Mount (SM), Ball Grid Arrays (BGAs) or Chip Scale Packages (CSPs),
the packaging technology has a large influence on the total size of the full sys-
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1.3 Optical systems 3
tem. On a chip level, the best-known example of miniaturization can be found,
i.e. Moore’s law. This law is based on the observation that over the history of
computing hardware, the number of transistors on integrated circuits doubles
approximately every two years. Miniaturization is important because it can cre-
ate new markets by enabling new applications through technology scaling. This
technology scaling is resulting in better performance and potentially also lower
cost, as illustrated in Figure 1.2.
Investment 
Miniaturization  Market growth 
Better performance / cost 
Technology scaling 
Market growth 
Figure 1.2 – Miniaturization leading to market growth.
1.3 Optical systems
Traditional interconnections and sensing structures are based on electrical or elec-
tromechanical working principles. A change in the electrical current level, re-
sistance or capacitance contains the necessary information on the transmitted
datasignal or sensing parameter. Electrical devices may nevertheless experience
difficulties in performing properly under challenging circumstances, for exam-
ple in the presence of sources of electromagnetic radiation such as high voltage
lines or lightning strikes. Electrical interconnections face their fundamental lim-
its when targeting high-speed applications, making them unsuitable for long-
distance communication channels but also yielding serious challenges in short-
range datacom applications. Concerning electrical sensors, their intrinsic tem-
perature sensitivity can also disturb the sensor signal when the physical quantity
of interest is measured in transient temperature regimes. Therefore, optical alter-
natives have been introduced both for communication and sensing purposes.
1.3.1 Optical datacommunication
Long-distance links
One of the most famous examples of a long-distance link is the transatlantic com-
munication cable, a submarine link between Europe and North America running
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under the Atlantic Ocean. The first (galvanic) transatlantic telephone cable sys-
tem was laid in the 1950’s. The first transatlantic optical cable based on fiber
optics (TAT-8) was operational in 1988, increasing the number of available chan-
nels by a factor of 10. At present, all operational transatlantic links are fiber based
providing a capacity of several 10’s of Tbps (Terabits per second). Optical fibers
are consequently indispensable for the rapid growing internet based economy.
Currently there is a trend to provide fiber optics as close to the end user as possi-
ble. By limiting the galvanic distance, the communication speed is further maxi-
mized. Fiber-to-the-home pilot projects have also been rolled out demonstrating
the possibilities to provide fiber optic interconnection inside homes. In this con-
text, polymer optical fibers can serve as a cost-effective alternative for the silica
fibers and solve fiber interconnection issues [3].
On-board or board-to-board links
Because of the increasing demand for high-speed computing power, also the
developments related to on-board electrical interconnections are coming close
to the fundamental limits. Therefore, optical alternatives are starting to be de-
ployed in short-range interconnects as well. Typically these interconnects are
used on printed circuit boards. Fibers are in this case too complicated (in- and
out-coupling) and integrated polymer optical waveguides constitute an elegant
cost-effective alternative [4, 5].
1.3.2 Optical sensing
For some applications, traditional - electrical - sensors to measure ambient param-
eters such as temperature, strain and pressure suffer from several disadvantages.
These disadvantages include their weight, size, inherent electrical operating prin-
ciple and associated need for electrical powering, sensitivity etc. Although a lot
of these electrical sensors are mass produced and sometimes extremely low-cost,
optical sensing alternatives are gaining a lot of interest from people from sev-
eral niche application areas. Optical fiber sensors are particularly interesting be-
cause they allow for distributed measurements, have a low weight and poten-
tially also a low cost. These unique features can fulfill the sensing needs within
a broad range of application domains. Figure 1.3 is depicting the estimated rev-
enue growth of sensors based on fiber optics. Within Figure 1.3a, the distribution
of the estimated revenues over different application domains is shown whereas
Figure 1.3b shows the expected revenue growth in the coming years, up to $4.0
billion in 2017.
The research domain of optical sensing is rapidly gaining interest. This trend
can be demonstrated when looking to the publication trend (Web of Science),
illustrated in Figure 1.4 and the patent filing trend (Espacenet), illustrated in Fig-
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ure 1.5.
Note that the numbers in these figures provide evidence of an increasing interest
in optical sensors in general, including applications outside the research scope of
this dissertation, such as the development of optical detectors and Charge Cou-
pled Devices (CCDs) or CMOS camera devices.
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(a) Estimated total fiber optic sensors market in $ million, distributed over the different application
domains. Source: Lightwave Venture, OIDA.
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Figure 1.3 – Estimated revenues of the fiber optic sensors market from 2002 to 2017.
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Figure 1.4 – Research publications on optical sensors (source: Web of Science).
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Figure 1.5 – Patents on optical sensors (source: Espacenet).
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1.3.3 Combination of optical datacommunication and sensing
A unique property of the optical waveguiding structures is the fact that the fibers
or waveguides can act simultaneously as a sensing element and a communication
channel. The need for a specific telemetry system, required for most of the exist-
ing sensing systems, is consequently avoided. This dual characteristic of optical
fibers enables a key advantage when using fiber sensors, being the possibility to
perform multi-point or even distributed measurements. In the case of fiber Bragg
gratings (FBGs, based on wavelength selective mirrors), reading out all different
sensing points can be done in a single wavelength sweep. The different sensing
points are in this case defined by wavelength-division multiplexing: all sensing
points reflect a different wavelength.
Combining a thorough integration of datalinks and sensors enables a new
paradigm of connectedness through the internet, referred to as the Internet of
Things (IoT). The IoT vision consists of an internet in which not only anyone can
be connected anywhere and anytime but so too can anything. We have always
had sensors (fire alarms, thermometers), and now they are becoming smaller and
more sophisticated, more efficient and more easily embeddable. Complementary
technologies such as real-time monitoring for disabled, elderly, medically vul-
nerable people, but also environmental management open up the possibility to
anticipate problems and react proactively. The ambient awareness is significantly
increased by adding sensing intelligence to both people (wearable applications)
and objects (sometimes on hard to reach locations), and link them through a
network of sensors and actuators.
According to [6], sensor networks are indeed the most essential components of
the Internet of Things. Figure 1.6 is illustrating how a layered structure consti-
tutes the backbone of the IoT, based on the device capabilities of sensor networks.
The sensor network is proposed as an extension of our central nervous system
creating a vast array of sensing nodes providing an increased awareness and re-
sponsiveness. Sensing information is picked up by the different sensor nodes and
sent to higher layers (Figure 1.6) for signal processing and initiation of follow-up
actions. The further we go up in the layered structure (layer 1 → 6), the higher
the degree of computational intelligence will be.
The application of sensors in wearable applications or harsh environments leads
to an increased use of embedded optical sensors. Embedding sensors in mechan-
ically flexible materials leads to the creation of conformable, unobtrusive systems
which can be wrapped around irregularly shaped objects. Optical sensors avoid
the susceptibility to electromagnetic interference and allow for remote sensing
measurements in harsh, dangerous or hard to reach environments. An optical
fiber is the ideal candidate to transport the sensing information from a remote
location to the end user terminal. Particularly for niche applications requiring
high-end sensing solutions, optical sensors constitute an interesting alternative
i
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Figure 1.6 – Layered structure based on the device capabilities of a sensor network. In IoT,
this layered architecture may have additional number of sub layers. Schematic diagram
from Perera et al. [6].
outperforming their electrical counterparts despite their higher cost.
The polymer embedding approach is discussed in the next section. Integrating
optical sensors in polymer embedding materials leads to the creation of photonic
skins, discussed in Section 1.5.
1.4 Polymer embedding
As discussed earlier, the development of miniaturized sensor elements to mea-
sure physical properties such as pressure, temperature and the proximity to other
objects is becoming increasingly important. This evolution has been set forward
owing to the emergence of Microelectromechanical Systems (MEMS) [7]. This
technology typically relies on Integrated Circuit (IC) fabrication processes using
rigid substrates such as silicon and glass wafers.
The fabrication of sensors on flexible substrates offers several advantages and
opens up a broad range of new applications within the field of robotics and wear-
able applications. Mounting rigid MEMS based sensors on flexible carriers and
consequently creating rigid islands on a larger flexible substrate is an option to
accomplish this. Fabricating sensor foils to cover large areas is however difficult
in terms of connectivity and reliability. Alternatively, one can remove (part of)
the rigid carriers of the sensors after mounting on the flexible carriers by etch-
ing. This process is however relying on IC fabrication technology, increasing the
system cost to cover large areas.
The idea of sensitive skin was introduced at the 1999 NSF-DARPA Sensitive Skin
Workshop [8]. The main technological challenges were identified as:
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• The need for a carrier substrate of the sensors, which is compliant, and de-
forms with the object onto/into which it is integrated.
• The need to integrate a vast number of sensing elements onto this carrier.
If these sensors are electrically wired, this generates serious challenges in
massive interconnection technology and parallel signal processing capabil-
ity.
Later on, a sensitive skin was defined as a large-area, flexible array of sensors with
data processing capabilities, which can be used to cover the entire surface of a machine or
even a part of a human body [9]. Within the same article, a first example of this con-
cept was presented (Figure 1.7) containing 64 active infrared sensor pairs (LED &
detector), each of which can sense objects within a narrow cone at a distance up
to about 20 cm.
Figure 1.7 – The first sensitive skin module: 64 infrared sensor pairs on a Kapton substrate
with a distance between neighboring pairs of 25 mm. Courtesy of V. Lumelsky, Robotics
Laboratory, University of Wisconsin-Madison.
Over the last decade, significant progress has been made towards stretchable
skin-like structures with embedded sensing features, mainly using flexible elec-
tronics leading to so-called e-skins. These skins are typically applied directly on
top of a human skin [10]. Optical skin-like sensing alternatives are discussed in
the next paragraph entailing several advantages such as chemical inertness, im-
munity to electromagnetic interference, distributed sensing possibilities and com-
patibility with harsh (high temperature and/or pressure) environments.
1.5 Photonic skins
In Figure 1.8, the concept of a photonic skin is presented. A photonic skin is a
polymer, mechanically flexible or stretchable, sensing foil consisting of embed-
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ded optical sensors resulting in unobtrusive optical sensing systems. Depending
on the envisaged application, this sensing system can provide high-density and
highly accurate measurements on local thermomechanical properties or large-
area measurements of ambient parameters.
I i f ( ) l i hintegrat on o  opto- e ectron c c ps
Integration of coupling 
structures
Concept from EU-FP7 project
Integration of (multiplexed) 
fiber sensors
© IMEC 2011 / CONFIDENTIAL
Figure 1.8 – Phosfos (Photonic skins for optical sensing) concept picture.
Optoelectronic and electronic chips are integrated using bare die chip compo-
nents leading to ultra-small electrical and optical driving units. The dimen-
sions and according mechanical properties of the photonic skin are consequently
largely determined by the polymer embedding material properties. Although al-
ternative optical sensors will be introduced in Chapter 2 and further discussed
in Chapter 7, a photonic skin typically relies on optical fiber sensor technology.
A crucial technology heavily influencing the reliability and usability of the sens-
ing system is therefore the fiber coupling of optoelectronic components to optical
fiber(s). All technology blocks developed within this PhD dissertation need to
be “skin compliant”, i.e. compatible with unobtrusive, planar, mechanically
flexible sensing skins with limited dimensions (especially thickness).
A wide range of applications can be targeted with this photonic sensing skin
paradigm. Two potential application domains are illustrated in Figure 1.9:
• One of the domains that could benefit from the photonic sensing skins is
situated in the field of robotics. We have for example demonstrated the
use of such a sensing foil with a social pet-like robot (Figure 1.9a) that is
developed at the Vrije Universiteit Brussel. The fiber sensor consists of 4 or
i
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1.6 Problem statement and objectives 11
more wavelength-multiplexed FBG sensors (red dots in Figure 1.9a). This
sensing concept clearly shows the possibility to integrate different sensing
points in one optical fiber. Through a meandering fiber embedding design,
a large-area pressure sensitive surface can be created.
• Monitoring vital human functions such as breathing movements, heartbeat,
blood pressure is a second example of a photonic skin-like sensing applica-
tion. Figure 1.9b is depicting a concept picture of a polymer embedded res-
piration monitoring vest based on a fiber Bragg grating to visualize breath-
ing movements. Important challenges for these wearable applications in-
clude weight, size, safety and user friendliness.
(a) An FBG based sensing skin applied to a social pet-
type robot [11].
(b) Optical respiratory monitoring applica-
tion based on a conformable polymer embed-
ded sensing foil.
Figure 1.9 – Examples of photonic skins for optical sensing.
A more elaborate overview of state-of-the-art photonic skin applications is de-
scribed in Chapter 2, Section 2.4. Looking back to the advantages of optical (fiber)
sensors described in Section 1.3.3, an important trade-off has to be considered
related to the photonic skin concept. The more compact the optical sensing sys-
tem is, the closer the optoelectronic driving and read-out components will be to
the optical sensing elements. Important advantages related to the optical sen-
sors, such as the possibility to deploy them in harsh environments, may become
void because of the vulnerability of these driving and coupling components em-
bedded in close vicinity to the sensing devices. Depending on the application
domain, one has to decide on the level of integration of the optoelectronic and
(fiber) coupling parts.
1.6 Problem statement and objectives
State-of-the-art research has lead to significant progress on all the areas men-
tioned in the above discussion. The following specific objectives are defined
within the scope of this PhD dissertation:
i
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12 General introduction
• Polymer fiber embedding Broaden the application domain of fiber sensors by
working towards mechanically flexible and stretchable, typically polymer
based, sensor host materials. Combining these materials with optical fiber
sensors results in a photonic skin for optical sensing.
Maintaining the sensing functionality of the fiber sensors after embedding
is an important prerequisite. Depending on the sensor type and the em-
bedding process, this might be a serious challenge. Accurate control on the
fiber position in the sensing skin, both lateral and transversal, is a second
objective within this task. The level of design flexibility is an important pa-
rameter to monitor during the fiber embedding research work. Thorough
characterization of the sensing skins in terms of responsivity, sensitivity and
sensing range, is an essential third objective.
• Integration and coupling of optoelectronic chips By miniaturizing and integrat-
ing optoelectronic (OE) components on a chip level, ultra-small laser and
detector packages are created. These packages can be fiber-coupled when
using them in combination with optical fiber sensors or serve as stand-alone
sensing units (intrinsic sensor).
Commercially available optoelectronic chips typically have a thickness >
100 µm. The targeted thickness of an ultra-small package is 40 µm. Thin-
ning of optoelectronic components (down to 20 µm) while maintaining their
electrical and optical properties is therefore a first objective related to opto-
electronic integration resulting in mechanically flexible optoelectronic pack-
ages. A photonic skin typically has a total thickness of 1 mm or less. Stan-
dard fiber coupling techniques immediately compromise this unobtrusive
photonic skin concept. The fabrication of flat, skin compatible, optical cou-
pling parts is therefore a second objective.
• Simple and cost-effective optical sensor interrogation systems By simplifying and
downsizing the sensing interrogation schemes, the usability and applicabil-
ity of optical sensors can significantly increase.
Combining optoelectronic components on a chip level into a functional in-
terrogation system with a state-of-the-art measurement accuracy and reso-
lution is one of the most important challenges within this dissertation. The
ability to perform full spectral measurements when reading out optical fiber
sensors, not limited to peak tracking, will enable a unique selling point of
this embedded interrogation system.
• Ultra-small integrated pressure sensors A sensing alternative for highly accu-
rate pressure measurements can be based on self-mixing interferometry in a
laser consequently avoiding fiber sensors, coupling structures and photode-
tectors. By pushing the limits of the optoelectronic integration process, one
can include the necessary polymer transducer layers and reflective coatings.
i
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1.7 Research trajectory and dissertation structure 13
Starting from the embedded optoelectronic components, a first challenge
is to integrate a polymer transducer layer converting an externally applied
pressure into a displacement variation. Both the mechanical and optical pa-
rameters have to be investigated in order to enable reliable pressure mea-
surement based on this optical feedback mechanism. The sensor build-up
has to be optimized in order to combine the packaging, sensing and reflec-
tion layers in a proper way in terms of alignment, adhesion, stress concen-
trations etc.
Two proof-of-concept optical sensing systems will be described in this disserta-
tion:
• An ultra-small integrated optical fiber sensing system.
• A photonic incremental pressure sensor based on optical feedback in a poly-
mer embedded Vertical-Cavity Surface-Emitting Laser (VCSEL).
1.7 Research trajectory and dissertation structure
Within the Centre for Microsystems Technology (CMST) research group, the op-
tical sensing research topic is tackled in different ways. Based on the particular
needs of the application in terms of ambient parameters, size, sensitivity, range
etc., a specific sensing principle and according measuring system is selected. We
can distinguish respectively fiber based, waveguide based and optoelectronic
based sensing systems.
Fiber based sensing systems can operate in harsh environments and allow for
remote and (quasi-)distributed sensing. Waveguide based sensors can perform
high-density tactile measurements and can be combined with integrated lasers
and detectors. Also the combination of optical waveguides and capillary mi-
crofluidic channels is under investigation. The sensing principle within the op-
tical waveguide can be based on a change in transmitted light intensity but also
on wavelength shifts introduced by fluorescence. Optoelectronic based sensors
do not require additional components for read-out purposes. They are therefore
easier to integrate and potentially also more cost-effective.
In all different approaches, the end goal is to come up with a fully integrated sens-
ing system incorporating in- and out-coupling structures as well as the necessary
optoelectronic and possibly also electronic components. This sensing system is
then typically embedded in a flexible or stretchable polymer host material. The
first steps towards fully embedded optoelectronic components and waveguiding
structures were carried out within the PhD framework of Erwin Bosman [12].
This concept was proven through a polymer, mechanically flexible optical link
with datacommunication speeds > 1 Gbps. Therefore, thinned optoelectronic
i
i
“BVH˙book” — 2013/10/24 — 10:07 — page 14 — #56 i
i
i
i
i
i
14 General introduction
components were embedded in very thin polymer foils making them ideally
suited for incorporation in flexible or stretchable skin materials, together with
optical sensors. The PhD of Jeroen Missinne [13] resulted in an optoelectronic
shear sensor using polymer embedding and transducer materials. Also a tactile
pressure sensor was developed based on a changed coupling behavior of poly-
mer crossing waveguides. The integration of polymer waveguide sensing struc-
tures for gas sensing applications is under investigation in the PhD of Sandeep
Kalathimekkad. A foil based stand-alone sensing platform is the ultimate goal
of this research. Finally, the application of optical sensors and integrated cou-
pling structures within micro-nano biosystems is part of the PhD of Nuria Teigell
Beneitez.
This dissertation is divided in 8 chapters and the structure of this book is shown in
Figure 1.10. After this General Introduction chapter, a technical introduction to tra-
ditional optical sensors, polymer based optical sensors, interrogation techniques
and embedding opportunities is presented in Chapter 2. These “introduction”
chapters are followed by 3 subsequent “technology” chapters starting with the
polymer embedding of optical fiber sensors (silica or polymer, step-index or mi-
crostructured) in Chapter 3. The technological work related to the miniaturization
and integration of optoelectronic components needed to drive the optical sensors
and read out the sensing information is described in Chapter 4. In order to cou-
ple optical fibers to the integrated optoelectronic components, a dedicated fiber
coupling technology is developed in Chapter 5.
The characterization of the embedded optical fiber sensors is included in Chap-
ter 3. Chapter 6 is combining the technology related to both fiber embedding as
well as component integration and fiber coupling into an ultra-small and fully
embedded fiber sensing system based on a highly accurate sensor interrogation
principle (introduced in Chapter 2). The optoelectronic components can also be
used to avoid the need for optical fibers and create an optical sensor intrinsic to
the optoelectronic component (Chapter 7). Finally, the overall conclusion and a
discussion of the future work is described in Chapter 8.
1.8 Research context and related projects
The research leading to this dissertation was performed within the framework of
the following projects:
• A personal Ph.D grant of the Institute for the Promotion of Innovation
through Science and Technology in Flanders (IWT-Vlaanderen [14]).
• FAOS (Flexible Artificial Optical Skin) [15]
SBO project, funded by the Institute for the Promotion of Innovation
through Science and Technology in Flanders (IWT-Vlaanderen [14])
i
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Figure 1.10 – Structure of this dissertation.
Starting date : January 1, 2007
Ending date : December 31, 2010
Project coordinator : Prof. Dr. Ir. Peter Van Daele, IMEC - Ghent University
/ CMST Microsystems, Technologiepark 914A, B-9052 Zwijnaarde, Belgium
FAOS aimed to develop a new paradigm for flexible optical sensors inte-
grated with electronic modules and control circuitry. The many advantages
of optical sensors, and mainly optical fiber sensors, make them very attrac-
tive for a wide range of applications. The immunity with regard to EMI
(electromagnetic interferences), the resistance to harsh environments, the
high sensitivity and the possibility in parallelizing the read-out all make
these sensors more useful than their electronic counterparts for automotive
applications, aviation, robotics and others. The use of these optical sensors
however always implies the use of a light-source, detectors and electronic
i
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circuitry to be coupled and integrated with these sensors. The coupling of
these fibers with these light sources and detectors is a critical packaging
problem and as it is well-known that costs for packaging, especially with
optoelectronic components and fiber alignment issues are huge and can rise
up to 90 % of the total cost of the module. FAOS delivered a technology
that offers an integrated solution to this issue by allowing the embedding
of light sources, detectors and electronic circuitry inside flexible polymer
materials.
• PHOSFOS (PHotonic Skins For Optical Sensing) [16]
European ICT-Project, Framework 7
Starting date : April 1, 2008
Ending date : August 31, 2011
Project coordinator : Prof. Dr. Ir. Francis Berghmans, VUB Vrije Universiteit
Brussel Pleinlaan 2, B-1050 Brussels, Belgium
PHOSFOS implemented new approaches to optical sensing, flexible ma-
terials, embedding technologies and integration concepts. The PHOSFOS
project is now completed and several breakthroughs in the field of optical
sensing, flexible materials, embedding technologies and integration con-
cepts have been achieved which may be used in a wide range of applica-
tions. A first highlight of the research involves the development of a new
pressure sensitive and temperature insensitive sensor. A second highlight
involves Bragg grating sensors in polymer optical fibers. The PHOSFOS
consortium also developed a new low-cost Polymer Optical Fiber (POF)
sensor interrogator designed to work with polymer optical fibers. The sen-
sor interrogator has been designed to operate at a wavelength around 850
nm to match the low loss transmission window of POF and to significantly
reduce component costs. Using this technology a new polymer multi-point
FBG sensor that can measure the pressure in various medical applications
has been demonstrated. More PHOSFOS results and contact information
can be obtained on the website of the project http://www.phosfos.eu.
An introductory video about the project is available on YouTube: http:
//www.youtube.com/watch?v=pGpL_icFn1c.
The research will be further developed within the framework of the following
project:
• SSC (Self Sensing Composites) [17]
SBO project, funded by the Institute for the Promotion of Innovation
through Science and Technology in Flanders (IWT-Vlaanderen [14])
Starting date : January 1, 2013
Ending date : December 31, 2016
i
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Project coordinator : Dr. Ir. Geert Luyckx, Ghent University / MMS (Me-
chanics of Materials and Structures) Technologiepark 903, B-9052 Zwij-
naarde, Belgium
The technology required to accurately and continuously monitor all criti-
cal material aspects of composites is lacking today. In collaboration with
industrial partners the main limitations of current state-of-the-art monitor-
ing systems were identified. The development of sensor systems which
overcome these limitations will create a number of important economic op-
portunities. In order to overcome the limitations of the currently existing
(embedded) sensor technologies which hinder industrial uptake and lim-
its the deployment of composite structures up to their full potential, this
project will realize several scientific breakthroughs. These breakthroughs
will result from the development of optical sensors and deformable elec-
tronics with innovative and unprecedented properties and which can be in-
tegrated within all types of layered materials, with a primary focus on mon-
itoring the structural health of composites during their complete life cycle,
i.e. from fabrication to operation. Three sensor techniques are considered:
micro-structured optical fiber Bragg gratings, polymer waveguide gratings
in relation with deformable electronics and a capacitive sensor based on
deformable electronics.
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TERNATIONAL CONFERENCE ON SENSING TECHNOLOGY. IEEE,
2011, pp. 504–509. [Online]. Available: http://dx.doi.org/10.1109/
ICSensT.2011.6137031
• D. Barrera, I.P. Johnson, D.J. Webb, B. Van Hoe, G. Van Steenberge, and
S. Sales, “Dynamic Strain Sensor using a VCSEL and a Polymer Fiber Bragg
Grating in a Multimode Fiber,” in 20th International Conference on Polymer
Optical Fibers, Bilbao, Spain. 2011.
• J. Missinne, B. Van Hoe, E. Bosman, S. Kalathimekkad, G. Van Steenberge,
and P. Van Daele, “Compact coupling and packaging concepts for flexi-
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ble and stretchable polymer optical interconnects,” in 2012 IEEE Optical
Interconnects Conference. IEEE, 2012, pp. 129–130. [Online]. Available:
http://dx.doi.org/10.1109/OIC.2012.6224412
• T. Geernaert, C. Sonnenfeld, S. Sulejmani, T. Baghdasaryan, G. Van Steen-
berge, B. Van Hoe, P. Mergo, W. Urbanczyck, M. Becker, F. Berghmans, and
H. Thienpont, “Towards flexible photonic sensing skins with optical fiber
sensors,” in 2012 4th IEEE RAS & EMBS International Conference on Biomed-
ical Robotics and Biomechatronics (BioRob 2012). IEEE, 2012, pp. 628–633.
[Online]. Available: http://dx.doi.org/10.1109/BioRob.2012.
6290767
1.9.4 Other international conferences, without proceedings
• G. Van Steenberge, J. Missine, B. Van Hoe, K. Van Coillie, J. Vanfleteren, and
P. Van Daele, “Array waveguide sensor,” in Proceedings NEMO Scientific
General Networking Meeting, 2008.
• E. Bosman, B. Van Hoe, J. Missinne, G. Van Steenberge, and P. Van Daele,
“Packaging of flexible optical interconnections,” in International Conference
on Micro and Nano Engineering, 35th, Ghent, Belgium. 2009.
• B Van Hoe, “Phosfos Embedding Technology for Integrated Sensing Solu-
tions” in European Commission 4th Concertation meeting on Photonics Enabled
Applications, Athens, Greece. 2009.
• C. Sonnenfeld, S. Sulejmani, T. Geernaert, F. Berghmans, H. Thienpont,
N. Lammens, G. Luyckx, E. Voet, J. Degrieck, B. Van Hoe, G. Van Steen-
berge, P. Van Daele, W. Urbanczyk, J. Wojcik, M. Becker, and H. Bartelt,
“Capteurs a` fibre optique pour mate´riaux composites et polyme`res intelli-
gents,” in Me´thodes et Techniques Optiques pour l’Industrie, Toulouse, France.
2010.
• B. Van Hoe, “Phosfos Integration Technology,” in Phosfos Industrial User
Club Meeting, part of INDUSTRY MEETS ACADEMIA - SPIE OPTICAL
METROLOGY, Mu¨nchen, Germany. 2011.
• B. Van Hoe, “Photonic Skins for Optical Sensing,” in 3rd Flexible & Stretch-
able Electronics Workshop, Berlin, Germany. 2011.
1.9.5 Proceedings of national conferences
• J. Missinne and B. Van Hoe, “Array waveguide sensor for artificial optical
skin,” in UGent-FirW Doctoraatssymposium, 9e. Universiteit Gent. Faculteit
Ingenieurswetenschappen, 2008, pp. 202–203.
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• B. Van Hoe and D. Lamon, “Embedded high resolution sensor based on
optical feedback in vertical cavity surface emitting laser,” in UGent-FirW
Doctoraatssymposium, 10e. Universiteit Gent. Faculteit Ingenieursweten-
schappen, 2009.
• B. Van Hoe, “Embedded fiber sensors with ultra-compact read-out,” in
FEA PhD symposium, 12th. Ghent University. Faculty of Engineer-
ing and Architecture, 2011, pp. 100–100. [Online]. Available: http:
//symposium.fea.ugent.be/sites/symposium.elis.ugent.be/
files/phdsymposium/submission932_poster.pdf
1.9.6 Other publications
• B. Van Hoe, “Ontwikkeling van een artificial optical skin”, Ugent Master
Thesis, 2007. [Online]. Available: http://lib.ugent.be/fulltxt/
RUG01/001/312/340/RUG01-001312340_2010_0001_AC.pdf
• B. Van Hoe, K. Van Coillie, G. Van Steenberge, J. Vanfleteren, and P. Van
Daele, “Nieuwe benadering voor druksensoren: flexibele artificie¨le optis-
che huid,” KVIV Ingenieursprijzen, 2009.
• J. Missinne, B. Van Hoe, “Artificial skin based on flexible optical tactile sen-
sors,” in SPIE newsroom, Jan 2010. [Online]. Available: http://spie.
org/x38859.xml?ArticleID=x38859
• B. Van Hoe, “Paving the way towards ultra-compact fiber sensing systems,”
in Cohesi Sensors of the Future Symposium, Leuven, Belgium. 2012.
1.9.7 Exhibitions and demonstrations
The technology developed within this dissertation has been demonstrated during
following exhibitions:
• E. Bosman, J. Missinne, B. Van Hoe, P. Geerinck, and G. Van Steenberge,
“Photonics in Motion - Stretchable optical waveguides”, European Photon-
ics Innovation Village 2010, Brussels, Belgium.
Best Innovation by a Multilateral Project, Organisation or Company
Award: 1st Runner-up.
• Phosfos, “Light feels pressure”, European Commission Innovation Con-
vention 2011, Brussels, Belgium. http://ec.europa.eu/research/
innovation-union/ic2011/index_en.cfm.
• J. Missinne, B. Van Hoe, S. Kalathimekkad, E. Bosman, and G. Van Steen-
berge, “Flexible Photonics feel it, smell it...bend it!”, Cohesi Sensors of the
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Future Symposium 2012, Imec Leuven, Belgium. http://www.cohesi.
be/.
1.9.8 The following patent has been filed
• G. Van Steenberge, J. Missinne, E. Bosman and B. Van Hoe, “Optical shear
sensor and method of producing such an optical shear sensor,” World-
wide patent, WO/2011/128266 A1, 20 October 2011 and US publication,
US/2013/0036829 A1, 14 February 2013.
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Introduction to optical sensors and
integration technologies
In this chapter, several optical sensor concepts and working principles are introduced as
well as the necessary driving and read-out techniques to interpret the optical sensing
signals. Furthermore, the combination of optical sensors with polymer materials both as
sensor material and as host material as well as the associated advantages are discussed.
The overview presented in this chapter is by no means intended to be a complete list of
the available optical sensors which can be based on or embedded in polymers. The aim
is rather to provide the necessary background information before going into the technical
details of the sensor concepts investigated in this dissertation.
2.1 Optical sensor principles
As discussed in the previous chapter, traditional - electrical - sensors for measur-
ing physical quantities such as temperature, strain or pressure are mostly based
on electrical working principles such as changing resistance or capacitance. The
main drawbacks of these sensors are related to the sensitivity, cross-talk, non-
compatibility with harsh environments and their size. Optical sensors are based
on the interaction between light and the ambient environment, and constitute an
interesting alternative providing several advantages. The field of optical sensors
can be classified according to different characteristics [1].
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A first option is the distinction whether the light is propagating in free-space or
guided in a waveguiding structure (for example a fiber). A lot of conventional
optical sensing systems are for example based on free-space interferometry and
spectroscopy. Guided-wave sensing adds to the intrinsic advantages of optical
sensing techniques the possibility of guiding the light beam in a confined and
inaccessible medium, thus allowing more versatile and less perturbed measure-
ments [2].
A second possibility is to distinguish to what extent the sensor is distributed.
Point sensors can only measure certain measurands at discrete positions whereas
distributed sensors provide continuous spatial measurements. A quasi-distributed
measurement can be obtained using a combination of several point sensors at dif-
ferent locations which can be read out in parallel.
As a third option, the sensor working principle can be used to distinguish be-
tween the different types of optical sensors. The overview presented in the fol-
lowing paragraphs is based on this criterion. A more elaborate overview of the
different working principles of (fiber) optic sensors can for example be found
in [3].
2.1.1 Intensity based optical sensors
A first type of sensors are devices with a working principle based on the modu-
lation of light intensity. The sensing information is then encoded in a change of
the optical power (absolute or relative values) which is reflected or transmitted
by the sensing medium to an optical photodetecting unit.
Optoelectronic based shear sensor
A second example of an intensity based optical sensor, consists of two optoelec-
tronic components facing each other in free-space: one laser source and one de-
tector. The working principle is based on the measurement of the light intensity
which is coupled from the laser to the detector. This is an application using free-
space light propagation consequently not requiring coupling of the light into an
optical fiber. When the optoelectronic source and detector are perfectly aligned,
the coupled optical power and associated photocurrent in the detector are maxi-
mized. Any shift in the alignment of the two components will lead to a decrease
in this signal.
This intensity based working principle can be used to fabricate a highly accu-
rate and sophisticated sensor to measure shear force. Within the PhD research
of Jeroen Missinne [4], an ultra-small and mechanically flexible prototype was
fabricated and characterized. The working principle is shown in Figure 2.1.
A Vertical-Cavity Surface-Emitting Laser (VCSEL) and photodiode chip are em-
bedded in ultra-thin flexible packages. A polymer polydimethylsiloxane (PDMS)
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VCSEL chip
photodiode chip
Ultra thin flexible photodiode package
Ultra thin flexible VCSEL package
PDMS transducer layer 180µm
Figure 2.1 – Principle of optical intensity based shear sensor based on changing coupling
behavior between a light source and a detector.
transducer layer is applied between the two packages, aligned on top of each
other and irreversibly bonded. The PDMS layer is a deformable and compress-
ible layer converting an applied shear force into a lateral displacement and thus
changing the VCSEL-photodiode optical coupling efficiency. A layer thickness of
180 µm is a typical value which was used for the experimental characterization,
yielding a maximum shear force sensitivity of −350 µA/N or −7 µA/kPa [5].
These responsivity values are varying when changing the thickness of the trans-
ducer layer. Tuning the mechanical properties of the transducer layer allows ad-
justing the sensor to the needs of a specific application in terms of sensing range,
accuracy and responsivity. The size, shape and optical properties (modal proper-
ties, wavelength etc.) of the optoelectronic components are also important param-
eters influencing the linearity and usefulness for certain applications, requiring
for example multi-directional determination of the applied shear force.
This sensing principle has been proven to exhibit only very limited cross-
sensitivity to pressure. A major disadvantage of this sensor is the direct depen-
dence on optical intensity measurements inevitably entailing challenges related
to unwanted optical power fluctuations, for example due to optoelectronic ag-
ing effects or temperature variations. A possible solution is the use of reference
components enabling relative measurements [6].
Distributed optical fiber sensor
The first example is based on light propagation in an optical fiber. An optical
fiber can act simultaneously as optical channel and distributed transducer en-
abling distributed measurements along the fiber axis. The fiber can then play
the role of a “nerve” for materials and structures in which the fiber is embed-
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ded [7]. The sensing mechanism is in this case inherent to the fiber and based
on light scattering (Rayleigh, Raman and Brillouin scattering). One of the most
popular intrinsic distributed fiber optic sensors is optical time-domain reflectom-
etry based on Rayleigh scattering. A simple example of this sensing principle is
schematically shown in Figure 2.2.
continuous sensing fiber
Pulsed 
laser
Photodetection 
+ Processing
coupler
fiber link
Sensing information on α(z)
optical fiber
Change external 
parameter αt
P (t)
t =
log[P (t)]
slope s
2 n z
c
slope 
s + Δs(α)
z1 z2
z1 z2
z
fiber end 
reflection
Figure 2.2 – Principle of optical time-domain reflectometry based on Rayleigh scattering.
P (t) is the optical power, z is the axis along the fiber, n is the refractive index of the
fiber and c is the speed of light. When light is launched into an optical fiber, losses
occur due to Rayleigh scattering that arises as a result of random, microscopic
(less than the wavelength of propagated light) variations in the index of refraction
of the fiber core. A fraction of the light scattered in a counterpropagation direction
(180° relative to the incident direction) is recaptured by the fiber aperture and
returned towards the source [8]. A narrow optical signal emitted by a pulsed laser
is launched into the optical fiber (Figure 2.2) and a photodetector is capturing
the reflected light. This photodetector signal is further processed to extract the
sensing information. In a specific area along the optical sensing fiber (between z1
and z2), an external parameter α is perturbed and the local scattering coefficient
is consequently changed. This spatial change can be quantified by analyzing the
optical pulse which is reflected by the fiber. More specifically the slope of the
logarithmic optical power versus time is an indication for the reflection coefficient
as a function of distance along the fiber. Comparing the reflected optical intensity
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with the pulsed laser signal reflects the local fiber status and enables localization
and quantification of the external perturbation. Since this sensing technique is
based on detecting the back-scattered optical signal of the light pulse as a function
of time, this technique is called Optical Time-Domain Reflectometry (OTDR).
An elaborate overview of the different opportunities to use optical fibers as dis-
tributed sensors including recent trends and developments can be found in [9].
2.1.2 Interferometry based optical sensors
A second type of optical sensors is based on interferometric working principles.
In this paragraph interferometry in laser components, allowing for measure-
ments not depending on light intensity, is discussed.
Laser interferometry is a well-known and widespread technique to measure dis-
placement, velocity, vibration and distance. This technique is based on an exter-
nal interferometer, an optical transducer consisting of lenses, prisms and mirrors
which is typically read out by a laser. Popular applications of these techniques
are the Michelson [10] and Mach-Zehnder [11] interferometers. Later, a new tech-
nique appeared, in which a fraction of the light back-reflected or back-scattered
by a remote target is allowed to re-enter the laser cavity. The reflected light inter-
feres with the light generated inside the laser, generating a modulation of both the
amplitude and the frequency of the lasing field. This approach is a special case of
laser interferometry, equivalently called self-mixing, feedback or induced-modulation
interferometry, and is related to the spatial coherence length of the laser [12]. The
laser source acts as a sensitive detector for the path length 2 k Lext (where k is the
wavenumber, and Lext is the target reflector distance) traveled by the light to the
target and back, exploiting so-called injection-detection [13]. The laser is in this
case at the same time the optical source and the optical detector.
The first demonstrations of this principle used gas lasers to detect the Doppler
shift caused by a moving remote reflector [14]. Turning point experiments were
those reporting the first complete self-mixing interferometer/vibrometer [15] and
the use of a Laser Diode (LD) as a source/detector [16]. Remote sensing appli-
cations based on the self-mixing effect in low-cost commercial Fabry-Pe´rot (FP)
LDs have appeared in the scientific literature since 1986 [16, 17], demonstrating
the feasibility of velocity, distance and displacement measurements [16]-[18].
According to Bosch et al. [13], some important advantages of the self-mixing sens-
ing scheme are:
• No optical interferometer external to the source is needed, resulting in a
very simple, part-count-saving and compact set-up.
• No external photodetector is required, because the signal is provided by the
monitor photodiode contained in the LD package.
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• The sensitivity of the scheme is very high, being a sort of coherent detection
that easily attains the quantum detection regime (i.e. sub-nm sensitivity in
path length is possible)
• Successful operation on rough diffusive surfaces can be achieved
• Information is carried by the laser beam and it can be picked up everywhere
(also at the remote target location).
A complete analysis of laser diodes with optical feedback can be performed by
using the equations first derived by Lang and Kobayashi [19].
A typical optoelectronic source which is used for optical feedback measurements
is a VCSEL. Within this dissertation an incremental pressure sensor is built
based on this working principle. Starting from polymer embedded VCSEL
components, polymer sensing layers are added to extend the laser cavity by
introducing a compressible external cavity build-up. A thin metal layer (the
external target) on top of this external cavity is reflecting a fraction of the emitted
laser light back into the laser cavity. Critical parameters in order to observe self-
mixing interferometry useful for sensing measurements are a minimum threshold
optical power which has to be coupled back into the laser diode cavity and an
optical feedback parameter within the correct range. A detailed discussion on
this integrated VCSEL pressure sensor is provided in Chapter 7.
2.1.3 Bragg reflection based optical sensors
A third type of optical sensors relies on wavelength selective mirrors yielding
wavelength encoded sensor signals. The sensing information has to be extracted
from a change in the optical wavelength reflected by this mirror, requiring spec-
tral analysis and read-out units. The most commonly used type of optical sen-
sor based on wavelength encoded information is a fiber sensor based on Fiber
Bragg Gratings (FBGs). Optical fiber sensors are intrinsic sensor devices, refer-
ring to the unique feature that the optical fiber is simultaneously sensing element
and communication channel. Therefore, there is no need to consider a specific
telemetry system that is always required in other sensing technologies. Proba-
bly more important, this dual characteristic of the optical fiber opens the natural
consideration of fiber optic sensing networks for multi-point or quasi-distributed
measurement [20].
Within the following sections, the basic principles as well as the most common
fabrication technologies of wavelength selective mirrors - based on Bragg reflec-
tion - in optical fibers are discussed.
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Bragg grating working principle
The working principle of these mirrors is based on a modulation of the local effec-
tive refractive index of the optical fiber causing Bragg diffraction. A fiber Bragg
grating sensor takes the form of a permanent periodic spatial modulation of the
refractive index along the core of an optical fiber, commonly induced using ultra vi-
olet light. The reflecting Bragg wavelength is consequently related to the effective
refractive index of the fiber core neff and the period of the grating structure ΛFBG
through following Bragg grating condition formula:
m λB = 2 neff ΛFBG
A simple visualization of a fiber Bragg grating is shown in Figure 2.3. A broad-
band source is used to couple light into an optical fiber. At the level of the Bragg
grating, part of the light is reflected. The Bragg wavelength can be read out in
reflection or transmission, respectively looking for a maximum or minimum in
the optical spectrum.
λcentral λ 
I 
λ 
I 
Spectral analysis 
Transmission 
λ 
I 
Reflection 
λcentral λcentral 
single-mode 
SLED source 
ΛFBG 
fiber cladding 
fiber core 
Figure 2.3 – Fiber Bragg grating working principle.
Under the influence of temperature or strain, both the period of the modulation
and the mean index of the core mode change, leading to a shift in the reflected
wavelength by this diffractive structure. The strain response arises due to both
the physical elongation of the sensor (and corresponding fractional change in
grating pitch), and the change in fiber index due to photoelastic effects, whereas
the thermal response arises due to the inherent thermal expansion of the fiber
material and the temperature dependence of the refractive index (thermo-optic
effect). The shift in Bragg wavelength with strain and temperature can be ex-
pressed using [21]:
i
i
“BVH˙book” — 2013/10/24 — 10:07 — page 34 — #76 i
i
i
i
i
i
34 Introduction to optical sensors and integration technologies
∆λB = 2 neff ∆
({
1− neff
2
[P12 − ν(P11 + P12)]
}
e+
[
α+
dneff/dT
neff
]
∆T
)
where e is the applied strain, Pij are the coefficients of the stress-optic tensor, ν is
Poisson’s ratio, α is the Coefficient of Thermal Expansion (CTE) of the fiber ma-
terial (e.g. silica), and ∆T is the temperature change. From the above expression
the inherent cross-sensitivity to changes in temperature and strain can be calcu-
lated. This is an important challenge when using optical fiber sensors and can
be tackled in various ways, for example using custom designed microstructured
fibers (reduce temperature sensitivity) or polymer fiber sensors (α+ dneff/dTneff < 0).
These opportunities will be discussed further in the following paragraphs (Sec-
tion 2.1.3, Bragg gratings in specialty optical fibers and Section 2.3.1).
Over the last 20 years of intensive development, silica fiber Bragg grating tech-
nology has grown increasingly mature and is now commercially exploited in a
range of high-end applications such as oil and gas exploration [1]. However,
back in 1997 it was already clear that the interrogation of fiber sensors based on
Bragg gratings without costly and bulky laboratory equipment would be a seri-
ous challenge:
A wavelength resolution of ≈ 1 pm (0.001 nm) is required (at λB ≈ 1.3 µm) to resolve a
temperature change of≈ 0.1°C, or a strain change of 1 µstrain. Although this wavelength
resolution is attainable using laboratory instrumentation such as spectrum analyzers and
tunable lasers, the ability to resolve changes on this order using small, packaged electro-
optics units is a challenge, and this has been the focus of a considerable amount of research
work in the grating sensor field. [21]
Within the 2008 Nature Photonics technology focus edition, Brian Culshaw
pointed out another important issue impeding a full breakthrough of optical
fiber sensors:
“Two other important aspects of fibre-sensor development, which many technologists
under-rate, are packaging and interface. It is important to collaborate with the people
who will be using their products to find out how the product should be packaged and how
the interface can be designed to make it user-friendly. If the developers get this right,
customers will be more likely to buy the technology.” Brian Culshaw in [22].
The optical fiber sensors offer a unique set of advantages in terms of working
principle, sensitivity and multiplexibility but are for many applications too inno-
vative to be considered as an alternative. The problem is largely a lack of aware-
ness of the technology, a shortage of regulations to establish what measurements
they should be used for and ultimately a question of cost [22].
This dissertation will deliver several technology blocks to tackle these chal-
lenges related to the use of optical fiber sensors, both in terms of packaging, as
well as cost and user-friendliness.
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Bragg grating fabrication technologies
A short overview of the different techniques available for the fabrication of fiber
Bragg gratings is presented. A more elaborate overview can be found in [23, 24].
In general the fabrication of a fiber Bragg grating is based on the photosensi-
tivity of the fiber material (typically doped silica). Using an ultra violet source
(wavelength λUV) this photosensitivity can be exploited to introduce a perma-
nent refractive index change in the fiber core material. A Bragg grating is then
created through a controlled interference pattern based on this UV source over
a certain fiber length using sufficient optical power density. This is illustrated in
Figure 2.4.
Fiber Bragg grating  
= inscribed Δn pattern 
(enlarged) 
Fiber coating 
Fiber core Fiber cladding 
Interference pattern 
(enlarged) 
Ultraviolet 
beam 
Fiber Bragg grating 
= inscribed Δn pattern 
(enlarged) 
Figure 2.4 – (top) Optical fiber with locally stripped fiber coating (before Bragg grating in-
scription). (bottom) Resulting refractive index modulation of the fiber core (after inscription
of a Bragg grating, for example using an interference pattern of a UV source). Schematic
diagrams adopted from Thomas Geernaert [24].
There are different techniques available to produce fiber Bragg gratings. They
can be roughly divided into three categories:
• Interferometric set-up: interfering beams of a highly coherent laser, illus-
trated in Figure 2.5a.
• Phase mask: interference based on diffraction, illustrated in Figure 2.5b.
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• Point-by-point: direct writing using a fs pulsed laser, illustrated in Fig-
ure 2.5c.
The first Bragg gratings were fabricated using the interferometric set-up tech-
nique [25, 26]. By adjusting the rotation angle φ of the mirrors (Figure 2.5a), the
Bragg wavelength can be tuned. Because of the beam splitting, different optical
components with high alignment accuracies are needed. Phase masks offered a
straightforward alternative avoiding beam splitting components by using the in-
terference pattern that is formed between the +1 and -1 diffraction orders directly
behind the phase mask [27]. The fiber is then positioned right after the phase
mask (Figure 2.5b) offering a high mechanical stability. A major drawback is the
necessity of a phase mask with a different period Λpm for all Bragg wavelengths.
A more recent technique is direct writing of the FBG by point-to-point inscription
using a pulsed laser (repetition rate frep) and a fiber mounted on a translation
stage (translation speed vtrans). This process is illustrated in Figure 2.5c and was
first reported using a femtosecond laser in [28]. An overview of the different FBG
fabrication techniques as well as the associated Bragg wavelength, advantages
and discomforts is presented in Table 2.1.
Table 2.1 – Overview of the different FBG fabrication techniques and associated advan-
tages and discomforts.
Technique λB + -
2-beam
interferometry
neff λUV
sin(φ) - tuning of Bragg wavelength
- need for
high stability
- requires highly
coherent laser
- bulky set-up
phase mask neff Λpm
- compatibility with lasers with
low temporal coherence
- limited amount
optical components
- fixed Bragg
wavelength
point-by-point 2 neff
vtrans
frep
- tuning of Bragg wavelength
- grating dimensions not limited
to interference pattern
- need for fs laser
- sequential
writing process
The combination of different techniques is also used, for example combining a
phase mask with 2-beam interferometry [23].
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Ultraviolet 
beam 
Optical 
fiber 
Beam  
splitter 
Mirror Mirror 
Interferometer 
ϕ 
(a) Interferometric set-up.
Ultraviolet 
beam 
+1 order –1 order 
Phase mask Optical fiber 
(b) Phase mask set-up.
Pulsed 
beam 
Pinhole or  
focussing optics Optical fiber 
XY air bearing translation stage 
(c) Point-by-point set-up.
Figure 2.5 – Different techniques for FBG fabrication. Schematic diagrams adopted from
Thomas Geernaert [24].
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Bragg gratings in specialty optical fibers
Using fiber Bragg gratings in traditional silica fibers as sensors, some impor-
tant measurement constraints are faced. One of these limitations is the cross-
sensitivity for different ambient parameters such as temperature and pressure.
Within this dissertation, a special type of fiber sensors is used based on highly
birefringent microstructured silica fibers.
Microstructured Silica Fibers (MSFs) or photonic crystal fibers were developed
as a “next-generation” optical fiber alternative. Though the traditional single-
mode step-index fibers are ideally suited for telecom applications, there was a
growing need for fibers that could be used for sensing, had multiple cores, had
higher non-linearities or had higher birefringence [29]. The cross-section of these
microstructured fibers consist of an (often periodic) arrangement of a low-index
material, the microstructure, in a background (or matrix material with a higher
refractive index. In most cases, the high index material is undoped silica and the
microstructure consists of air holes with diameters on the order of a few µm that
run along the entire length of the MSF over several kilometers. The strength of
MSF technology lies in its particular design flexibility: one can adjust the shape,
the dimensions and the arrangement of the microstructure and choose appropri-
ate materials for every specific optical fiber application [24].
Standard single-mode fibers are ideally perfectly symmetric. In reality however,
there is always a certain degree of ellipticity causing polarization dispersion. This
effect is limiting the data rates transmitted over the optical fiber. Modal polar-
ization dispersion can be visualized by considering the fundamental mode in a
fiber consisting of two orthogonally polarized mode components. Both modal
components have a different phase velocity, linked with their respective effective
refractive index neff:
v =
c
neff
with c the speed of light in vacuum. By adding a degree of asymmetry, either
in the core shape or the surrounding cladding material, this effect can be used to
create highly birefringent fibers. The two orthogonally polarized axes are referred
to as slow and fast axis, in accordance with the naming of the polarization modes
originating from their different phase velocity. The phase modal birefringence B
is defined as the difference in effective refractive indices:
B = neff,slow − neff,fast
When inscribing Bragg gratings in these highly birefringent birefringent fibers, a
single grating is reflecting two different wavelengths:
i
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λB,slow = 2 neff,slow ΛFBG
λB,fast = 2 neff,fast ΛFBG
Consequently, an additional sensing parameter based on the wavelength separa-
tion is created:
∆λ = λB,slow − λB,fast = 2 B ΛFBG
Within the Phosfos project [30], technology was available to inscribe fiber Bragg
gratings in highly birefringent microstructured optical fibers. The design of the
MSFs was optimized to limit the sensitivity of temperature and axial strain on
the this new sensor signal (the wavelength separation). Ideally, the Bragg wave-
length separation is not depending on the ambient temperature or changing
axial strain but only on (hydrostatic) pressure or transverse strain (Figure 2.6).
The transverse strain and hydrostatic pressure sensitivities were significantly
enhanced within Phosfos. Within Chapter 3, Section 3.2, this sensor concept is
further elaborated and cross-sections are shown of the considered MSFs. Em-
bedding optical fiber sensors, including microstructured silica fiber sensors, is
also discussed in detail in Chapter 3.

Reflectivity
f(pressure) or f(strain)
  f(temperature)
Bragg, 1 Bragg, 2

Figure 2.6 – Illustration of the sensing principle using fiber Bragg gratings in highly bire-
fringent microstructured silica optical fibers. The measurand is encoded in the spacing
between the two Bragg peaks corresponding to the two orthogonally polarized modes
propagating in the fiber.
A major part of this PhD is related to the integration of optoelectronic compo-
nents with optical fiber sensor elements using a modular approach, starting from
separate fiber and optoelectronic building blocks. A next step towards a fully
i
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integrated system could be the integration of active optoelectronic components
in the fiber structure. Similar as to the (passive) microstructure, an active metal-
semiconductor heterostructure is integrated in the fiber preform. First experi-
mental results were reported by Orf et al. [31]. A functional photodiode structure
was successfully designed, fabricated and experimentally tested (Figure 2.7).
Figure 2.7 – Schematic drawings of structured preform drawn into fiber along with SEM
micrographs of actual fiber and magnification of a single metal-semiconductor-metal de-
vice. Courtesy of N. D. Orf [31].
2.2 Optical sensor interrogation
An external perturbation will change the characteristics of the light guided within
the optical sensor. The quality of the measurement (accuracy, resolution, speed,
span, etc.) is largely determined by the interrogation mechanism. Especially opti-
cal sensors which have a working principle which is not based on light intensity
require dedicated read-out solutions to extract as much sensing information as
possible. In the following paragraph, an overview is given on how to interrogate
the optical fiber sensors discussed in Section 2.1.3.
2.2.1 FBG sensor interrogation
Within the field of fiber sensors based on Bragg gratings, the sensing information
is encoded in the shift or transformation of the FBG reflection/transmission fil-
ter characteristic (resonance wavelength, spectral width, reflectivity). There are
several types of fiber Bragg gratings with specific transfer functions, but the stan-
i
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2.2 Optical sensor interrogation 41
dard structure has a reflectivity function with an approximately Gaussian shape
centered at the resonance wavelength of the device and a spectral width around
0.2 nm [20]. Interrogating fiber Bragg grating sensors implies the conversion of
the changes in the Bragg wavelength to an electrical signal with adequate char-
acteristics to obtain the information about the measurand α. A general schematic
view of a fiber sensor interrogation scheme is shown in Figure 2.8 (reflection mea-
surement) and Figure 2.9 (transmission measurement).
Fiber Bragg Grating
Optical 
source
Photodetection 
+ Processing
splitter / coupler
fiber link
Sensing information on α
optical fiber
Change external 
parameter α
Figure 2.8 – General interrogation scheme for fiber Bragg grating sensors (reflection mea-
surement).
Fiber Bragg Grating
Optical 
source
Photodetection 
+ Processing
fiber link
Sensing information on α
optical fiber
Change external 
parameter α
fiber link
Figure 2.9 – General interrogation scheme for fiber Bragg grating sensors (transmission
measurement).
An optical source couples light into an optical fiber and depending on the re-
moteness of the fiber sensor, an optical fiber link ranging from a few centimeters
up to hundreds of kilometers is transporting the light from the optical source to
the sensor point and from the sensor point to the optical detector. Depending on
the interrogation technique and the associated optoelectronic source and detector,
i
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a feedback mechanism can provide the sensing information, acquired after pho-
todetection and signal processing, back to the optical source to adjust or fine-tune
the driving parameters.
Santos et al. [20] provided a clear classification of the different FBG interrogation
techniques that have been proposed along the years. This overview is shown in
Table 2.2. The operating and underlying physical principles are diverse, each pro-
viding specific advantages and shortcomings. Next to a reproducible transduc-
tion of the Bragg wavelength, also sensitivity, accuracy, measurement range and
associated multiplexing possibilities, measurand acquisition speed, immunity to
optical power fluctuations, ability to perform absolute measurements, reliability
and cost are important performance indicators for the considered measuring sys-
tems. There is typically a trade-off between the wavelength measurement range
(and associated multiplexing possibilities) and the measurement speed. Further-
more, a fundamental distinction should be made between interrogation systems
which enable full spectral reconstruction datasets versus Bragg wavelength peak
tracking systems. Peak tracking systems only provide information on the shift of
the Bragg peak wavelength, excluding other effects such as peak broadening or
peak splitting. Those systems on the other hand typically offer cheaper and faster
spectral measurements. A trade-off between measurement speed and measure-
ment detail consequently has to be considered.
The interrogation principles which are relevant for the remainder of this disser-
tation are discussed in more detail.
Bulk optics
The combination of a broadband source (LED, SLED, ASE, supercontinuum) with
an optical spectrum analyzer or Charge Coupled Device (CCD) (Figure 2.10) is
the most commonly used interrogation scheme within laboratory environments
and research institutes. It offers full spectral reconstruction combined with a high
sensitivity and a large number of sensors which can be read out simultaneously.
However, high-density diffraction gratings and high precision rotation stages are
needed, increasing the size and the cost of the system. An example (schematic
view) of a commercially available Ocean Optics spectrometer is shown in Fig-
ure 2.11. The different building blocks of the system are listed below the figure.
Note that this is already called a “miniature” spectral read-out system. Tradi-
tional Optical Spectrum Analyzer (OSA) systems are typically much more bulky.
i
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Table 2.2 – Overview of interrogation techniques for FBG based sensors, based on [20].
Group Principle Configuration References
Bulk Optics Diffraction Monochromator
Optical Spectrum Analyzer [32, 33]
Diffraction Grating + CCD
Volume Hologram + CCD
Passive Edge Bulk Filter Transmissive
Filtering Integrated Optic Filter Arrayed Waveguide Grating
Optical Fiber Filters Biconical Filter
Long-Period Grating [34, 35, 36]
Fused Coupler
Chirped Bragg grating [37, 38]
Sagnac Loop
Sources/Detectors Source Spectrum [39, 40]
Detector Spectral Responsivity [41]
Active
Bandpass
Bulk Optical Filters Fabry-Pe´rot [42, 43, 44,
45, 46]
Filtering Acousto-Optic
Hybrid Optical MEMS
Optical Fiber Filters Receiving Bragg Grating
WDM Coupler
Dynamic Long-Period Grating
Optical Sources Single-mode Laser Diode [47, 48, 49,
50, 51, 52]
Multimode Laser Diode [53]
Carrier generation Receiving Bragg Grating
Multimode Laser Diode
Interferometric Passive Chirped Grating + Sagnac Loop
Homodyne Mach-Zehnder
Carrier Generation Mach-Zehnder
Fourier Domain Variable OPD Scan
Optical Coherence
Function
Laser Sensing FBG Laser Cavity FBG as Cavity Mirror
Miscellaneous Angular Dispersion Receiving Blazed FBG + CCD
OTDR
Wavelet Processing
i
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Fiber Bragg Grating
Broadband 
source
OSA or 
spectrometer 
(CCD)
fiber link Change external 
parameter α
λ
P (λ)
λ
P (λ)
λB,1 λB,2
δα
λ
P (λ)
λB
δλB(α)
δα
Figure 2.10 – Traditional interrogation scheme for fiber Bragg grating sensors based on a
broadband source and a spectral demodulation unit (OSA or spectrometer).
Passive edge filtering
Passive edge filtering is an alternative for the expensive and large diffraction
based spectrum analyzers. The basic concept is shown in Figure 2.12 and relies
on an optical power measurement, captured by Photodetector 1 (Vα). This re-
flected light intensity is first modulated by the relative shift of the sensing Bragg
grating to the filter characteristic of an optical edge filter which is applied before
Photodetector 1. The wavelength information extraction is consequently based
on a light intensity measurement rather than spectral demodulation. Varying
losses in fibers, fiber connectors, optical source induced by temperature changes,
fiber manipulation or aging phenomena are causing intensity fluctuations and are
interfering with the sensing signal. Therefore, the optical sensing signal is typi-
cally bypassed to a second detector (Photodetector 2, Vref) serving as a reference
output to calculate the relative grating response Vα/Vref. The optical edge filter
can consist of a special fiber Bragg grating with a broader reflection spectrum
and smoother transition edge, i.e. long-period gratings [34, 35, 36] or chirped
Bragg gratings [37, 38]. Another possibility is a filter characteristic inherent to the
source spectrum [39, 40] or the detector responsivity [41]. The main advantage
of this passive edge filtering approach is the simplicity and low-cost whereas the
main limitations are the limited possibility to read out multiplexed fiber sensors
and the nullification of the main advantage of fiber Bragg gratings by converting
spectrally encoded information to simple intensity measurements.
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Explanation
1 Input fiber connector
2 Entrance aperture slit
3
Long-pass absorbing filter to block second-
and third-order effects or to balance color.
4
Collimating mirror matching the Numerical
Aperture (NA) of the optical fiber and reflecting
the light towards the grating.
5
Grating demodulating the light.
The rotation of the grating determines λstart and λend.
6
Focusing mirror focusing first-order
spectra on the detector plane.
7
2D detector typically with thermoelectric
cooling and varying integration times.
8
Filter blocking second- and third-order light
from reaching the detector elements.
Figure 2.11 – Schematic view on the Ocean Optics miniature spectrometer QE65 Pro, cour-
tesy of Ocean Optics [54].
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Fiber Bragg Grating
Broadband 
source
Photodetector 1
fiber link Change external 
parameter α
λ
P (λ)
λ
P (λ)
λB
δλB(α)
δα
Photodetector 2
Optical 
filter
λ
P (λ)
λB
δλB(α)
/
Vref
Vα
Figure 2.12 – FBG interrogation based on edge filtering based on a linearly wavelength-
dependent optical filter.
Active bandpass filtering
Interrogating fiber Bragg gratings using active bandpass filtering is an important
alternative for the traditional bulk optics or passive edge filtering based interro-
gation schemes. An example based on an Fiber Fabry-Pe´rot (FFP) filter is shown
in Figure 2.13. The Fabry-Pe´rot filter consists of two partially reflecting surfaces
with a spatial separation. The transmittance of light through this cavity has a
periodic character (as a function of λ) due to the multiple reflections inside the
cavity and interference of the multiply reflected light beams. Typically, the Fabry-
Pe´rot filter bandwidth is comparable to the grating bandwidth (e.g. ≈ 0.3 nm)
and the free spectral range between two transmitted wavelength windows (e.g.
≈ 50 nm) is larger than the operating range of the grating to avoid measurement
ambiguity. The closed-loop arrangement (feedback of sensing information on
FFP driving voltage) locks the Fabry-Pe´rot passband to the grating reflection sig-
nal [8].
Although this tracking method is applicable to the interrogation of a single
grating sensor, multiple grating sensor signals can also be interrogated using the
FFP by scanning the resonance wavelength. If the grating Bragg wavelengths
i
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Fiber Bragg Grating
Broadband 
source
fiber link Change external 
parameter α
λ
P (λ)
λ
P (λ)
λB
δλB(α)
δα
Photodetection 
+ Processing
Tunable optical 
FFP filter
λ
P (λ)
λFFP
δλFFP(VFFP)
Dither 
signal
Σ
VFFP
Figure 2.13 – Active bandpass filtering using a tunable Fiber Fabry-Pe´rot (FFP) filter. A
dither signal is used to lock the filter to the grating and to circumvent the influence of
optical power fluctuations.
Fiber Bragg Gratings
Broadband 
source
Change external parameter
λ
P (λ)
λ
P (λ)
λB,2
f(α2)
δα
Photodetection 
+ Processing
Tunable optical 
FFP filter
λ
P (λ)
λFFP
δλFFP(VFFP)
Scanning 
waveform
VFFP
t
VFFP (t)
α1 α3α2
λB,1 λB,3
f(α3)f(α1)
Figure 2.14 – Active bandpass filtering using a tunable Fiber Fabry-Pe´rot (FFP) filter. Pe-
riodically changing the tunable optical filter steering voltage enables parallel read-out of
multiple sensing points.
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and their ranges of change due to measurands do not overlap and yet fall within
the spectral bandwidth of the light source and the free spectral range of the FFP,
a number of gratings along the same optical fiber can be interrogated. Figure 2.14
shows a typical interrogation scheme using a open-loop triangle signal function.
Bandpass filtering interrogation of fiber Bragg gratings was also demonstrated
when the filtering action was performed by the optical source, typically a semi-
conductor laser diode, either single-mode or multimode. The information about
the Bragg wavelength is recovered from the level of optical power reflected by
the sensor, which depends on the relative spectral position between the grating
and the laser mode [20]. It is interesting to note that these laser diode based
schemes, which exploit the lateral spectral filtering characteristics of the opti-
cal source/detector, can be considered to be the minimal configuration for fiber
Bragg grating interrogation. A schematic view of this interrogation scheme is de-
picted in Figure 2.15. Alternatively, a broadband source can be actively filtered
using MEMS technology. The scanning waveform (Figure 2.15) is in this case sent
to the MEMS device, converting the broadband light into a smallband source [55].
It is also possible to apply the filtering function of the photodetector, moving the
filter from the source to the detector side [56].
Fiber Bragg Grating
Narrowband 
source (LD)
Photodetection 
+ Processing
α
Change external 
parameter α
λ
P (λ)
λB
δλB(α)
λ
P (λ)
λLD
δλLD(ILD)
Scanning 
waveform
ILD
t
ILD (t)
λB(α)
Figure 2.15 – Active bandpass filtering through optical source modulation.
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2.2.2 Miniaturized FBG sensor interrogation
To tackle the optical fiber sensor challenges related to the system size, different
miniaturized optical fiber sensor interrogation units have been developed by sev-
eral research groups. One possibility is to introduce MEMS technology to the
optoelectronic sources or detectors, reported by Peters et al. as mentioned in the
previous section.
An integrated approach based on planar lightwave circuits with diffractive grat-
ings is presented in [57]. The read-out of fiber Bragg grating sensors is based
on wavelength demultiplexing the reflected light and combining the information
from different photodetectors. Using this technology, the resulting spectral read-
out unit can be fabricated to be of low weight providing excellent compatibility
with, for example, aerospace applications. This interrogation scheme is however
based on the use of a broadband light source to generate the input light.
Using a reference fiber Bragg grating or a special type of fiber interferometer is
an alternative technique providing “compact all-fiber” interrogation solutions for
FBG sensors. An example based on a photonic crystal fiber interferometer can be
found in [58]. However, again a broadband source has to be included and the
sensor read-out measurement is converted into a measurement of light intensity.
An alternative miniaturized fiber sensor interrogation approach is developed
within this dissertation based on a single-mode optical source and a photode-
tector. Tuning the optical source is performed through electrothermal wave-
length red shifting. Chapter 6 includes a detailed description of this minia-
turized FBG interrogation unit which can be fabricated ultra-small including
both driving and read-out optoelectronic units.
i
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2.3 Polymer optical sensors
The optical sensors which were discussed in the first part of this chapter are based
on semiconductor components combined with free-space propagating light or
fiber sensors based on silica optical fibers. Silica fibers are mostly used as fiber
optical fiber sensors because of the low optical losses and the compatibility with
telecom equipment. Over the last 20 years of intensive development silica fiber
Bragg grating technology has grown increasingly mature and is now commer-
cially exploited in a range of applications such as oil and gas exploration [1]. We
will see however that for certain applications polymers offer interesting alterna-
tive advantages.
2.3.1 Polymer fiber sensors
Polymer fibers have many advantages in common with the traditional silica fibers
for sensing applications. These include immunity to electromagnetic interference,
low weight and multiplexing possibilities [59]. They also possess some important
additional advantages over their traditional silica counterparts such as a lower
cost (in general) and improved safety (for biomedical applications). The initial
drivers for the development of these polymer optical fibers were consequently
the need for a low-cost, easy to use and install optical fiber alternative for short-
range optical interconnects, for example in local area networks or automotive
applications. In contrast to the low optical losses and the technical complexity to
make reliable, low-loss silica fiber connections, the polymer fibers typically offer
a large-core (0.1 to 1 mm diameter) higher loss alternative which is easy to install.
From a sensing point of view, polymers offer other, more important, advantages
mainly related to their intrinsic material properties. These advantages are due to
their mechanical strength (high elastic strain limits, high fracture toughness, high
flexibility) and their sensitivity (high strain sensitivity and negative thermo-optic
coefficient). Because the multimode large-core character of the polymer fibers,
the measurement accuracy and resolution was generally rather low. Recently,
single-mode polymer optical fibers are becoming available on a research scale
enabling increased measurement reliability and a more precise read-out. The high
optical losses, especially in the traditional telecom wavelength windows, remains
a challenge in many applications (see Figure 2.16 for attenuation losses of typical
polymers used for POF).
Polymer Optical Fiber Bragg Gratings (POFBG) sensors date back only a little
over 10 years [61] and represent therefore a much less mature technology com-
pared to the silica fiber Bragg grating technology. Because of their specific ad-
vantages over silica in certain situations, their use continues to increase. Firstly,
POF has an elastic modulus roughly 25 times smaller than silica; consequently,
although the strain sensitivity of POFBGs is only marginally higher than their sil-
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Figure 2.16 – Attenuation loss of common optical polymer fiber materials vs. silica as a
function of wavelength. Graph from [60].
ica counterparts, the stress sensitivity is more than an order of magnitude higher.
Secondly, for in vivo applications, when using glass fibers great care must be
taken to guard against a fiber break which could exhibit a serious sharp hazard.
A more elaborate overview on polymer fiber Bragg gratings can be found in [62]
and [1], Chapter 11.
Within Chapter 3, both single-mode and multimode polymer optical fiber sen-
sors will be combined with polymer host materials exploiting their excellent
compatibility with organic materials, giving them great potential for biomed-
ical applications. The polymer fiber sensors typically only transmit an optical
signal over a few (tens of) centimeters and are glued to silica fibers for proper in-
terrogation and interfacing with read-out equipment, further discussed in Chap-
ter 3.
2.3.2 Polymer waveguide sensors
During the last years, polymer waveguide technology was developed as a means
to apply printed circuit board-level optical interconnects in high-end computing
systems. Waveguides offer important complementary advantages over fibers for
board-level optical interconnects such as integrated processing, simplified han-
dling and assembly. From an optical sensing point of view, polymer waveguide
i
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(Bragg) gratings offer several advantages over FBGs: they are more compact.
have a more cost-effective batch process, exhibit greater ease of tuning optical
properties and offer potential integration with other components, such as light
sources and detectors.
Various techniques and polymers have been developed to fabricate polymeric
waveguide gratings. The fabrication of the corrugation structure usually involves
using either a phase mask or two-beam interference on photosensitive polymer
materials. The process usually involves three steps: (I) deposition of waveguide
materials and waveguide dimension patterning; (II) creating a grating mask, typ-
ically through interference or phase mask techniques on a photoresist; and (III)
transferring the gratings onto the waveguide core layer using either Reactive Ion
Etching (RIE) or ion milling. Electron beam lithography can be a straightforward
alternative way of transferring the grating structure but is relatively costly and
slow. Other grating fabrication techniques have been reported using unconven-
tional lithography techniques: a nanoimprint technique to fabricate the grating
for an inverted rib waveguide grating device and a soft-lithography technique
to fabricate a grating reflector-on-slab waveguide. Alternatively, solvent-assisted
micro-contact molding (SAMIM) has been employed to fabricate rib waveguides
and grating structures.
An overview of the state-of-the-art polymer waveguide sensor technologies, list-
ing the different polymer materials, grating inscription techniques and grating
characteristics, is shown in Table 2.3 (research institutes) and continued in
Table 2.4 (sensor technologies developed by the research institutes listed in
Table 2.3).
In a major part of the above-mentioned polymer waveguide gratings, the wave-
guide and grating structures are fabricated through UV induced refractive index
modification. The photochemical material modification process is nevertheless
rarely studied thoroughly. An interesting example of a more detailed investiga-
tion of different ways to change the optical properties such as the refractive index
of polymers can nevertheless be found in [63].
The use of polymeric waveguide gratings reach beyond sensing applications. A
more general use of waveguide gratings as tunable wavelength filters is a first
possible alternative application. In [64] for example, the polymer waveguide
gratings are integrated with electrodes yielding a tunable optical filter with a tun-
ing range outreaching 10 nm. They are also used to fabricate distributed feedback
lasers, for example using a soft-lithography (microcontact printing and replica
molding) approach [65, 66]. Polymer waveguide grating couplers to couple light
into planar waveguiding structures is another interesting application [67].
Polymer layers can also be applied directly on embedded laser components to
increase their functionality. An example of an SU-8 layer acting as a diffraction
grating and processed on a VCSEL can be found in [68].
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Alternatively, a SiO2 or glass waveguide can be used and a polymer can act as a
transducer layer. This is for example discussed in [69], in which a PDMS layer is
put on top of an open-top ridge waveguide Bragg grating resulting in a pressure
or touch sensor. When gratings are fabricated in the PDMS material itself, they
can also act as a resonant optical grating reflecting or transmitting the incident
light. An example of such a membrane-embedded resonant optical PDMS grating
is described in [70].
Table 2.3 – Overview of polymer waveguide sensors, continued in Table 2.4.
Research institute / Company
1 University of Rome, Italy
2 Laser-Matter Interaction Labs Inc., Albuquerque, USA
3 Electronics and TelecommunicationsResearch Institute, Taejon, Korea
4 AlliedSignal Inc. (Honeywell), USA
5 Faculty of Engineering, Dept. of Chemistry,Shizuoka Univ., Japan
6 Dept. of Electr. Eng., City Univ. of Hong Kong, Hong Kong
7 Dept. of Materials Science and Engineering,Kwangju Institute of Science and Technology, Korea
8 Devices and Materials Laboratory,LG Electronics Institute of Technology, Korea
9 Tu¨rk Telekom Bilkent Laboratory, Bilkent University, Turkey
10 Dept. of Applied Photonics System Technology,Chitose Institute of Science and Technology, Japan
11 Dept. of Electr. Eng., Pusan National Univ., Korea
12 School of Inform. & Comm. Eng.,Sungkyunkwan Univ., Korea
13 Dept. of Electr. Eng., Southern Taiwan Univ. of Technology,Taiwan, ROC
14 Dept. of Mechanical Engineering,University of Washington, Seattle, USA
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Table 2.4 – Overview of polymer waveguide sensors.
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2.4 Polymer embedded optical sensors: applica-
tions
2.4.1 Flexible sensing skins
As discussed in Chapter 1, Section 1.4, there is a growing need for embedded
optical sensors in planar substrates leading to the creation of photonic skins for
optical sensing (Chapter 1, Section 1.5). The state-of-the-art in the area of tactile
sensing skins is extensive. Dario et al. suggested that the artificial skin should
possess the intrinsic properties of human skin, like extensibility, flexibility and
compliance [92]. A major part of these state-of-the-art tactile sensitive skins how-
ever is based on piezoresistive or capacitive force sensing technologies. Unfortu-
nately, most of these structures suffer from various limitations such as low spatial
resolution, limited read-out resolution, expensive manufacturing processes and
complicated interconnection schemes because of the discrete nature of the sensor.
Much of the work in literature focuses on sensing devices developed for robotic
tactile sensor systems. Specific reviews can for example be found in Lee et al. [93].
Back in 1995, Kolesar et al. already showed an 8 x 8 tactile sensor matrix with a lin-
ear response for loads up to 1.35 N for robotic applications [94]. Different exam-
ples of extensions of these tactile sensing skins towards artificial sensing skins are
available. The first prototypes of an artificial sensing skins showed electrical sen-
sors, mounted on a flexible polyimide substrate. Recently, a platform to fabricate
ultra-thin and ultra-flexible electronics based on polymer foils (substrate thick-
ness is typically 1 µm) was reported [95]. These electronic circuits are light and
conform to their ambient, dynamic environment enabling for example matrix-
addressed tactile sensor foils for health care and monitoring, thin-film heaters,
and temperature and infrared sensors. To circumvent the limitations on electri-
cal connectivity, the replacement of electrical sensors by optical sensors clearly
offers a solution. Moreover, if these optical sensors could be integrated not only
in a flexible, but ultimately in a stretchable substrate carrier, this would mean
an additional important step towards optimal solutions for artificial skin appli-
cations. Optical sensors also offer a sensing alternative not susceptible to elec-
tromagnetic interference and enable high resolution combined with high-speed
measurements.
Different research groups have published skin-like sensor foils based on optical
sensors. The focus in this overview is on large-area sensing skins using fiber
Bragg gratings:
• Although the inherent bare fiber pressure sensitivity of FBGs is rather lim-
ited, functional pressure sensing devices can be fabricated using polymer
fiber coatings significantly enhancing this sensitivity [96]. An experimen-
tal pressure sensitivity of -3.41 10−3/MPa is reported, approximately 1720
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times higher than can be achieved with a bare FBG.
• In [97], a flexible multiplexed force sensor platform is presented based on
fiber Bragg gratings for tactile sensing applications. A wavelength shift
of 1.0 nm for 9.81 N at λB = 1550 nm measured using a ball load cell and
an OSA is reported. A more elaborate description can be found in [98].
Figure 2.17 shows a 3 x 3 array sensor example. A conformable optical
keyboard is a potential application.
Figure 2.17 – 3 x 3 array sensor consisting of 3 embedded multiplexed fiber sensors. Cour-
tesy of J.-S. Heo [98].
• An interesting alternative manufacturing technology for flexible optical
sensing foils is based on an integration process in which optical wave-
guides and sensing elements are integrated “in line” during the manu-
facturing process of the substrate itself. This artificial and flexible optical
sensing foil can then be applied to regular or irregular surfaces, resulting in
a quasi-distributed strain map [99]. The embedding technique was applied
to perform simultaneous cardiac and respiratory frequency measurements
based on a single fiber Bragg grating sensor [100]. Figure 2.18 shows a
prototype example. These prototypes were tested using a BraggMeter
unit from FiberSensing [101] and FBGs with a typical length of 8 mm and
resonance wavelength of 1548 nm.
• Kanellos et al. [102] presented a sensing skin based on PDMS embed-
ded fiber Bragg gratings with a typical sensitivity of 80 pm/N at a Bragg
wavelength of 1540 nm corresponding with a pressure sensitivity of 5.2
10−6/kPa. The interrogation unit was an I-MON 80D from Ibsen.
• A thin and mechanically flexible alternative for the traditionally rigid tactile
“touchscreen” sensors, for example to be used in keyboards, was developed
i
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Figure 2.18 – Fabricated prototypes of FBGs embedded in polymer foils for cardiac and
respiratory measurements. Courtesy of A.F. Silva [99].
by Takamatsu et al. [103]. Their approach is based on an electrical working
principle (capacitance change) but integrated in a flexible fabric keyboard
with conductive polymer coated fibers.
• The integration of optical sensors in textiles can be an interesting alternative
for wearable applications. The OFSETH project [104], funded within EU-
FP6, investigated how measurements of various vital parameters such as
cardiac, respiratory rates and pulse oximetry can be performed using fiber
Bragg gratings sensors and near infrared spectroscopy. These techniques
could also, in a longer term, suit for non-invasive pH or glucometry mea-
surements.
The photonic sensing systems presented in this overview all rely on standard sil-
ica fiber sensors and commercially available interrogation units. Important chal-
lenges limiting the applicability of these systems are related to the size, cost and
accuracy of the interrogation devices as well as the limited sensitivity and in-
evitable cross-sensitivity of the optical fiber sensors. Within the remainder of
this dissertation, both these challenges will be tackled through:
• The introduction of polymer optical fiber sensors and specialty silica fiber
sensors within flexible and stretchable sensing skins.
• The development of a fully integrated, low-cost interrogation system
which will be applied on photonic sensing systems.
A final application which could greatly benefit from the (quasi-)distributed char-
acter of fiber sensors compressed in a single read-out signal, are intelligent mat-
tresses monitoring the position of the body and pressure distributions to im-
prove the sleeping quality. Medical beds could even help patients that are bed-
bound move without assistance [105]. Traditionally, sensing intelligence is added
i
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through electrical devices but different companies start to look into optical (fiber)
alternatives [106]. The next-generation mattress will be created by adding sens-
ing fibers which are based on optical working principles, solving potential safety
issues. Moreover, these sensing fibers can be multiplexed, solving the intercon-
nection challenges, and they can be embedded in a stretchable skin, ensuring
proper functioning during complicated manipulation.
2.4.2 Esophageal manometry
A biomedical example which can benefit highly from the recent developments of
optical sensors and polymer embedding, is situated within the field of manome-
try. Manometry measures pressure within the esophageal lumen and sphincters
and is performed to investigate the cause of functional dysphagia, unexplained
non-cardiac chest pain, and in the pre-operative work up of patients referred
for antireflux surgery [107]. There is an increasing demand for patient-friendly,
highly sensitive and biocompatible pressure sensors, embedded in cylindrical
tubes, which can easily be multiplexed. The duration of the measurement, the
mechanical flexibility of the sensor and the amount of pressure sensing points
integrated in one sensing tube are key parameters for esophageal sensors. Tra-
ditional systems include sensors based on solid-state catheters or MEMS tech-
nology [108]. A typical read-out graph of an esophageal measurement is shown
in Figure 2.19. This spatiotemporal plot presents a three-dimensional plot of the
pressure along the esophagus. Time is on the x-axis and distance from the nares is
on the y-axis. Each pressure is assigned a color (legend on the left). A peristaltic
wave is passing distally down the esophagus.
Figure 2.19 – High resolution manometry depicting esophageal pressure activity from the
pharynx to the stomach. Courtesy of M.R. Fox [107].
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Recently, also silica fiber optic alternatives, providing an increased usability of
the esophageal sensing systems, are looked into yielding multiplexing possibili-
ties and fast real-time measurements [109, 110]. Furthermore, a fiber optic sensor
based high resolution manometry system is currently available and commercial-
ized by MMS [111] and Unisensor AG [112], who have licensed the technology
developed at CSIRO (Australia) [113]. Within Chapter 3 of this dissertation,
an embedding approach to come up with cylindrical polymer sensing tubes,
based on multiplexed polymer fiber sensors, is presented. A response to a ra-
dial pressure almost 6 times that of a comparable silica fiber based sensor is
obtained.
2.4.3 Combining polymer sensing layers with other materials
Monitoring the structural integrity of bridges and large buildings typically re-
quires the combination of sensors and concrete structures in challenging envi-
ronments (high temperature, pressure). Embedded sensors based on fiber Bragg
gratings are therefore increasingly being used within structural health monitor-
ing applications [114].
Strain monitoring in wind turbine blades for example can significantly extend
the life time of these structures. Nowadays they are often replaced as a precau-
tion because monitoring strain and other aging effects is not possible using the
traditional electrical sensors. Monitoring the structural health of wind turbine
blades using optical sensors is therefore another important application leading to
an increase in cost efficiency and a reduced environmental impact [115]. From
an environmental point of view, the weight of the total sensing system integrated
in a host material is of major importance, especially in transport (e.g. airplane)
applications. Miniaturizing and integrating the read-out equipment within the
composite structures is therefore also extensively studied, for example in the EU-
FP7 projects SmartFiber [116] and Phosfos [30].
Optical sensors embedded in a polymer layer can be combined within other ma-
terials to monitor for example pressure or strain. An application which is recently
gaining interest, is the combination of polymer or polymer embedded optical sen-
sors with composite materials (combination of two or more constituent materials
with significantly different physical or chemical properties). These polymer (em-
bedded) optical sensors enable the introduction of a full sensing layer in between
the different composite layers with a high sensitivity.
2.5 Conclusion
Optical sensors provide interesting sensing alternatives for applications which
have limited compatibility with sensors based on electrical working principles.
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Embedding optical sensors in polymer host materials allows to fabricate pho-
tonic skins. Such a mechanically flexible and stretchable sensing foil with a typ-
ical thickness below 1 mm will enable applications within the field of robotics,
structural health monitoring and healthcare. To circumvent the traditional limita-
tions of optical silica fiber sensors related to cost, sensitivity, biocompatibility, etc.
several alternative fiber types (draw tower gratings, polymer optical fibers, mi-
crostructured optical fibers), each possessing their specific advantages (see Chap-
ter 3), will be used in this dissertation.
Bulky and expensive interrogation systems often limit the applicability of op-
tical fiber sensors in commercial applications. Within this PhD, an ultra-small
interrogation system is developed based on low-cost optoelectronic components
embedded in ultra-thin packages resulting in photonic skin compatible driving
units. One of the crucial points to come up with such a scheme is a dedicated
fiber coupling technology, compatible with this compact fiber sensing approach
(Chapter 5). To avoid this delicate fiber coupling part, an alternative sensing
approach will be considered based on self-mixing interferometry in lasers (Chap-
ter 7).
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Integrated optical fiber sensors
In this chapter optical fiber sensors are used to measure ambient parameters such as tem-
perature and humidity but also other physical properties such as (contact) pressure, (axial
or transverse) strain and bending. The deployment of optical fiber sensors typically re-
quires a fixture of the optical fiber on the object which is to be examined. Using polymer
host materials not only provides a robust way to embed optical fibers, it also entails sev-
eral other advantages such as mechanical flexibility or even stretchability enabling the
combination of these sensors with irregularly shaped objects. Typical applications include
robotics, biomedics and structural health monitoring.
3.1 Introduction
Fiber Bragg grating sensors and their working principles were introduced in
Chapter 2. They are essentially based on wavelength selective mirrors inscribed
in optical fibers by a periodic (period in the range of hundreds of nm) change
of the effective refractive core index. The fundamentals of Fiber Bragg Grat-
ings (FBGs) are described in the following reference articles [1, 2]. Depending
on the inscription process and the application, the fiber Bragg gratings can also
be chirped (aperiodic refractive index modulation), tilted (refractive index vari-
ation at an angle to the optical axis) or long-period (period of hundreds of µm).
However, these types of FBGs are not used within this chapter.
This chapter focuses on the embedding of optical fibers in flexible and stretch-
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able polymer host materials. Different approaches were under investigation for
embedding the fiber sensors, including injection molding, laser structuring and
soft-lithography. The different embedding techniques have their specific advan-
tages and drawbacks. Based on the specific needs of the considered application,
the most appropriate embedding technique can be identified.
The optical fiber sensors which are used in this chapter are ranging from com-
mercially available Draw Tower Gratings (DTGs) to single- or multimode Poly-
mer Optical Fiber (POF) sensors and Microstructured Silica Fiber (MSF) sensors.
Comparing the performance of these special types of fiber sensors is always per-
formed using “standard” single-mode silica fiber sensors.
Regardless of the application, the first step is to check the influence of the em-
bedding process on the properties of the optical fiber sensors. This influence is
checked by monitoring the spectral characteristics of the sensors before, during
and after the embedding process. Not only the material properties (CTE, Young’s
modulus, etc.), but also the curing process of the polymer (UV or thermally cur-
able, curing time, temperature, pressure) can significantly affect or disturb the
embedded fiber sensor in terms of sensitivity, sensing resolution and measure-
ment reliability. Furthermore, the exact position of the optical fiber in the poly-
mer host material can have a thorough influence on the measurement capabili-
ties, for example in terms of bending measurements. A good understanding of
the embedding sequences is indispensable to match the sensor responsivities to
the application’s needs. Moreover, by changing the appropriate processing pa-
rameters, one can tune the characteristics to avoid unwanted effects and increase
the sensor’s usability.
Optical fiber sensors have been embedded both in planar sensing foils but also in
cylindrical tubes for biomedical applications. The resulting embedded fiber sen-
sors have been characterized in terms of temperature, humidity, (contact) pres-
sure, strain and bending measuring capabilities.
Most of the characterization tests have been performed within the framework
of Phosfos and at different university labs. The characterization of the polymer
fiber sensors was mainly performed at the Aston Institute of Photonic Technolo-
gies (Aston University, Birmingham, UK). The experimental characterization of
the embedded microstructured silica fiber sensors has largely been performed by
the Brussels Photonics Team (B-Phot, Vrije Universiteit Brussel, Belgium). Char-
acterizing the embedded DTGs was performed at FBGS International (formerly
FOS&S, Geel, Belgium).
First, the different types of fiber sensors and their specific advantages are briefly
discussed. Next, the embedding techniques and associated polymer host mate-
rials are described in detail. Characterizing the embedded fibers is subsequently
discussed according to the fiber sensor type (DTG - POF - MSF).
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3.2 Optical fiber sensors selection
Different types of fiber sensors based on fiber Bragg gratings have been embed-
ded and tested. An overview can be found in the next paragraphs.
3.2.1 Draw Tower Gratings
Draw Tower gratings (DTG®s) are a special type of fiber Bragg gratings in single-
mode silica fibers. They are produced using a process that combines the drawing
of the optical fiber with the writing of the grating [3]. An Ormocer® fiber coating
is applied after grating inscription. As such, the commonly used stripping and
recoating process of standard FBGs is not necessary and the pristine fiber strength
is maintained during the DTG manufacturing process. FBGS International [4]
masters this innovative highly automated production process and is investigating
the possibility of making optical strain gage patches using fiber Bragg gratings in
hard skin materials. For this purpose, standard FBGS silica draw tower gratings
with Ormocer coatings are used.
The DTGs have some important advantages over the classical silica fiber Bragg
gratings:
• Fully automated production process
• Reduced costs
• Highly reliable
• High strength: 5 % strain compared to 1 % for conventional FBGs
• Highly adhesive (compared to traditional acrylate based coating materials)
coating (Ormocer®)
• High temperature resistance (200 ◦C)
• Batch Control & calibration possible
• Spliceless arrays (programmable)
These DTGs can be used within various sensing application domains including
civil engineering, aerospace, oil and gas industry but also medical instrumenta-
tion [5].
3.2.2 Polymer Optical Fiber sensors
Polymer optical fiber sensors provide an interesting alternative for certain appli-
cations because of some specific advantages mainly related to the material prop-
erties. As mentioned in Chapter 2, great care must be taken when using glass
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fibers to protect against a fiber break which could exhibit a serious sharp hazard,
especially for in vivo applications. Polymer fibers are an interesting alternative in
this application domain as they do not suffer from this disadvantage. Moreover,
POF has an elastic modulus roughly 25 times smaller than silica; consequently al-
though the strain sensitivity of POFBGs is only marginally higher than their silica
counterparts, the stress sensitivity is more than an order of magnitude higher.
Two different types of POF were available for embedding through Aston Uni-
versity (Aston Institute of Photonic Technologies) within the framework of the
Phosfos project. During the optimization of the embedding process and the char-
acterization of planarly embedded fiber sensors, a single-mode step-index fiber
was used, whereas for the tubular embedding work, a multimode microstruc-
tured polymer fiber was used.
The single-mode step-index POF, supplied by Prof. Gang Ding Peng of the Uni-
versity of New South Wales, Australia, has a core diameter of 9.5 µm and a
cladding diameter of 200 µm. The FBGs were inscribed at Aston University using
30 mW of continuous wave light at 325 nm obtained from a HeCd laser (Kim-
mon model IK5652R-G). With the fiber mounted horizontally in a V-groove, the
1.8 mm diameter beam was focused vertically down onto the fiber axis using a
cylindrical lens of focal length 10 cm. A phase mask with period 1057 nm was
placed on top of the fiber to generate a periodic intensity modulation in the core
region. The laser beam was scanned 6 mm along the phase mask during the
30 min recording time. For further details of the inscription arrangement, see [6].
The inscription process was monitored by butt coupling the angle-cleaved end of
a single-mode silica fiber coupler to the POF using a drop of index matching oil,
the end of the POF having previously been cleaved using a razor blade on a hot
plate at 80 ◦C.
Figure 3.1 – Microscope cross-section image of microstructured POF used for POFBG in-
scription.
The multimode microstructured POF was obtained from Kyriama (Australia) and
is a microstructured fiber with a 50 µm core surrounded by three rings of holes,
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see Figure 3.1. The fiber was manufactured from nominally pure poly(methyl
methacrylate).
POFBGs can again be recorded in this fiber using 325 nm light from a HeCd
laser [6]. For this work either two or three gratings were recorded at Aston Uni-
versity in a 20 cm length POF, separated by 2 cm. The gratings had a length of
approximately 2 mm and were fabricated by exposing the fiber for approximately
50 min to the 30 mW laser beam after it had passed through a phase mask. In the
case of the two grating sensor, two masks were used designed to produce grat-
ings at 861 nm and 827 nm. For the three grating device, a grating was recorded at
861 nm and then the fiber was annealed at 70 ◦C for 24 h which reduced the Bragg
wavelength by 16 nm [7]. Following the procedure, a second and third grating
were recorded as described above. The end of the POF was glued to a 50 µm
step-index silica pigtail, with the joint protected using a metallic tube filled with
silicone. Figure 3.2 is showing a typical spectral reflection response of a multi-
plexed multimode POF sensor.
861 nm 
phase mask 
827 nm 
phase mask 
Figure 3.2 – Spectral response of a multiplexed polymer fiber sensor (3 POFBGs) fabricated
using two different phase masks in combination with thermal annealing.
Interrogation of the POF is done using a coupler and a broadband light source
covering the range 1530 nm to 1610 nm (Thorlabs, broadband ASE light source)
while monitoring the reflection spectrum using an Optical Spectrum Analyzer
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(OSA, HP86142A). In all experiments, a silica FBG was used as a reference and
consequently each time embedded using the same embedding approach. The
silica FBG was recorded in Single-Mode Fiber (SMF) at a Bragg wavelength of
1549 nm using a frequency-doubled argon ion laser with a 1071.9 nm period
phase mask. The laser beam was scanned along the phase mask once to produce
a grating 3 mm in length.
3.2.3 Microstructured Silica Fiber sensors
As discussed in Section 2.1.3, light is guided in the core of MSF by holes, typically
filled with air. By modifying the air hole microstructure, i.e. by changing the hole
diameter “d”, or the distance between the air holes “Λ” and their location in the
fiber cross-section, one can tailor the guiding properties of the fiber for specific
applications and enhance its sensitivity to particular physical quantities [8]. The
air hole topology of the MSFs under consideration has already demonstrated a
high sensitivity to hydrostatic pressure [9]. Moreover, the phase modal birefrin-
gence in these MSFs is inherently insensitive to temperature as reported in [9]
which helps avoiding complex temperature compensation systems.
Three different types of highly birefringent (HiBi) MSFs were available for em-
bedding through Vrije Universiteit Brussel (VUB, Brussels Photonics Team) and
Wroclaw University of Technology (WRUT) within the framework of the Phosfos
project. The Scanning Electron Microscope (SEM) images of their cross-sections
are shown in Figure 3.3. These MSFs were specifically designed to have a high
transverse mechanical sensitivity and a low thermal response. They are based on
a triangular lattice microstructure with some holes enlarged or missing. The MSF
designs are briefly summarized in the following paragraphs.
The MSF type 090524P2 was designed by WRUT and is meant to have a high
mechanical sensitivity. Due to the highly asymmetric microstructure the core it-
self is asymmetric and this will contribute to the total birefringence Bmodal of the
MSF. Moreover, the core is also weakly enclosed by air holes along the slow axis
resulting in a low air-filling fraction d/Λ. This implies that higher-order modes
will escape the core very easily along this direction, ensuring single-mode be-
havior but possibly also introducing high bending losses. A particular feature of
this MSF is the hexagonal outer cladding, which could simplify orientation of the
fiber during the embedding process.
The other two MSFs of type 090109P2 and 091023 were designed by VUB and
are also designed to have a high transverse mechanical sensitivity. This is again
achieved by making the microstructure highly asymmetric which also resulted in
an asymmetric shaped core. The guided modes in these MSFs are better confined
by air holes (large air filling factor), resulting in low bending losses. However, the
tight confinement indicates that higher-order modes can be trapped in the core
region. From the SEM images it is also clear that maintaining exact circular air
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holes or a circular outer cladding becomes increasingly difficult for more complex
microstructures.
The cross-section of the silica fiber typically contains a doped GeO2 core along
the fiber length. The function of the germanium doped fiber core is to allow us-
ing conventional ultra violet fiber Bragg grating inscription methods. The FBGs
were written with pulses of UV radiation originating from a KrF laser operating
at 248 nm and with an interferometric Talbot system [10]. The writing of Bragg
gratings in the germanium doped core of MSFs using this inscription technique
has been reported in [11]. Average bare fiber temperature sensitivities for the dif-
ferent types of MSFs are listed in Table 3.1. Table 3.2 provides a similar overview
for the pressure sensitivities. These values are based on [12, 13].
(a) WRUT design, type 090524P2 (b) VUB design, type 090109P2 (c) VUB design, type 091023
Figure 3.3 – SEM images of the cross-sections of the HiBi MSFs.
Table 3.1 – Bare fiber temperature sensitivities for the MSF sensors used within this chap-
ter.
pm/◦C 090524P2 090109P2 091023
fast axis 9.09 9.09
slow axis 9.02 9.02
peak separation -0.07 -0.07
Table 3.2 – Bare fiber pressure sensitivities for the MSF sensors used within this chapter.
pm/bar 090524P2 090109P2 091023
fast axis 0.94 0.99
slow axis -0.22 -0.48
peak separation -1.16 -1.47
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3.3 Embedding techniques
The integration of optical fiber sensors in polymer host materials requires dedi-
cated embedding techniques depending on the type of material and the desired
shape of the embedded sensors.
3.3.1 Materials
Depending on the envisaged application, a different fiber embedding material is
selected. In collaboration with the Polymer Chemistry and Biomaterials Group
(PBM - Ghent University), the characteristics of the polymer materials can be
further fine-tuned by carefully selecting the compounds which are added. Tuning
can be performed in terms of mechanical flexibility, hardness, etc. [14]
A thermally curable polydimethylsiloxane (PDMS) material, Sylgard®184 from
Dow Corning [15], has been selected as a first flexible and stretchable embed-
ding material. Polydimethylsiloxane (commonly referred to as “silicone”) is a
linear polymer material with a -Si-O- backbone (a chain of siloxane units) and
methyl side groups attached to every silicon atom, see Figure 3.4 [16]. The types
of silicone considered in this dissertation are supplied as 2-component systems
consisting of a liquid “base polymer” and a “curing agent” that polymerize by
means of an addition-cure reaction. These 2 parts are mixed in a certain ratio
(typically 10:1 or 1:1) to initiate the cross-linking or “curing” process.
(a) siloxane (b) polydimethylsiloxane
Figure 3.4 – Formula for siloxane and polydimethylsiloxane: if “R” is “CH3” in the basic
siloxane unit, it is named polydimethylsiloxane.
Sylgard®is a popular embedding material, enabling for example integrated elec-
tronics leading to smart textiles [17]. However, embedding optical fibers in this
stretchable host material is a relatively new application (prior art see Chapter 2,
Section 2.4). It is difficult to list exact mechanical properties of PDMS materi-
als as they strongly depend on the preparation (e.g. amount of curing agent),
application and curing parameters [18]. An estimation for a few important me-
chanical and optical parameters is nevertheless listed in Table 3.3. For a detailed
discussion on the mechanical and optical properties of PDMS, we refer to the PhD
dissertation of Jeroen Missinne [19] (Chapter 2, Sections 2.3 and 2.4). The curing
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process typically consists of mixing the silicone product with a curing agent (ratio
10:1). A slow thermal curing process at 60 ◦C for 2 h is typically applied.
Table 3.3 – Sylgard®184 material parameters
Parameter Value
CTE 310 ppm/◦C
Young’s modulus 0.7-3.7 MPa
Poisson coefficient 0.46
Refractive index @ 589 nm1 1.413
As an alternative embedding material, Ormocer from Micro resist technology [20]
has been selected, because of its compatibility with the Ormocer coating of the
FBGS Draw Tower Gratings. Ormocer is an example of an inorganic/organic
material developed by the Fraunhofer Institute [21]. The first step of the Ormo-
cer synthesis is a hydrolysis/condensation reaction of functionalized alkoxysi-
lanes and leads to the formation of organically modified inorganic nanoscale
oligomers. After the addition of photoinitiator, the second processing step con-
sists of a polymerization reaction, leading to a fully cross-linked three dimen-
sional network. This is one of the reasons for the good structure accuracy up to
temperatures of 270 ◦C in comparison to conventional thermoplastic materials.
The Ormocer materials have been developed to come as ready-to-use photosen-
sitive mixtures. Figure 3.5 shows the structural composition of the material.
Relevant thermal, mechanical and optical parameters are shown in Table 3.4. The
curing process consists of a UV exposure, depending on material thickness, rang-
ing from 5 s to 60 s at 10 mW/cm2. A hard bake on a hot plate (typically 1 h at
150 ◦C) is applied resulting in a fully cured and flat Ormocer skin.
Table 3.4 – Ormocer material parameters
Parameter Value
CTE 100-130 ppm/◦C
Young’s modulus 2.5 GPa
Poisson coefficient 0.45
Refractive index @ 635 nm 1.538
1PDMS cured on a hot plate for 2 h at 60 ◦C and refractive index nd measured using an Abbe
refractometer (21 ◦C).
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Figure 3.5 – Chemical structure of Ormocer, as developed by the Fraunhofer Institute [21].
3.3.2 Planar sensing foils
Molding
The first embedding technique is injection molding using a polymethyl metha-
crylate (PMMA) mold. In this approach, the fiber is temporarily fixed in channels
on the edge of the mold. A slow curing (gradual temperature increase, start-
ing at room temperature) and cooling process (cooling down to room tempera-
ture) is needed in order not to expose too much stress on the embedded fiber
caused by the CTE mismatch (for example 310 ppm/◦C for Sylgard®184 versus
0.55 ppm/◦C for a standard silica fiber). The result of an injection molding pro-
cess is illustrated in Figure 3.6a. To make not only straight embedded fibers but
also other designs (e.g. horseshoe shape, see below), a design of a dedicated mold
is needed. The fiber has then to be fixed not only on the edges of the mold but
along the full mold design. A major drawback of this embedding technique is
consequently the necessity of a new mold for every new design.
A similar approach, using glass molds and release foils can be used to fabricate
embedded fiber sensors based on UV curable host materials. An example of a
POF embedded in a UV curable resin is depicted in Figure 3.6b using the embed-
ding approach shown in Figure 3.7.
Laser ablation
Laser ablation can be an alternative to easily adapt the fiber embedding design.
Starting from a fully cured sheet, a track can be ablated to embed the fiber in.
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(a) molded silica fiber in Sylgard®184. (b) POF embedded in UV curable resin.
Figure 3.6 – Results of the injection molding process.
Glass plate Release foil 
Glass plate Reflective coating 
Air outlet Injection of material 
Silicone spacer, typical 
thickness 500 μm 
Figure 3.7 – Schematic view of the glass mold used for fiber embedding using UV curable
host materials.
Three different laser sources have been evaluated for this purpose: a KrF Excimer
laser (λ = 248 nm), a frequency-tripled Nd:YAG laser (λ = 355 nm) and a CO2 laser
(λ = 10.6 µm). The Optec laser system available at CMST and consisting of these
three integrated lasers is shown in Figure 3.8.
Table 3.5 provides an overview of the most important parameters of the CMST
Optec laser set-up.
Table 3.5 – Overview of the Optec laser system available at CMST.
Excimer Nd:YAG CO2
Wavelength 248 nm 355 nm 10.6 µm
Pulse duration 3-7 ns 35 ns 70 ns
Max. pulse energy 18 mJ 500 µJ 400 mJ
Max. pulse frequency 300 Hz 100 kHz 150 Hz
Due to the small spot size, the Nd:YAG laser was found to be less suited. Both
Excimer and CO2 could yield proper results in terms of ablation depth and width,
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Figure 3.8 – Optec laser set-up installed at CMST.
depending on the absorption of the the flexible foil material at the specific laser
wavelength. For Sylgard®184, the CO2 laser provided the best results using a
pulse frequency of 100 Hz, a typical ablation speed of 10 mm/s and varying laser
fluences. After ablating tracks in the silicone material, a glue layer (Norland Op-
tical Adhesive or instant adhesive) is needed to fix the fiber within these tracks.
The main advantage of using laser structuring is the straightforward definition of
new embedding designs. Any CAD file can easily be exported to a laser drilling
file. Results of silica fibers embedded into laser structured PDMS are shown in
Figure 3.9.
Soft-lithography approach
An advanced fiber embedding technique has been investigated to control the
fiber position on the optical skin even more accurately. The technique is based
on a soft-lithography process which essentially consists of the transfer of a poly-
mer master mold in the PDMS host material. A schematic view of the process
flow is shown in Figure 3.10. As a master mold carrier, a silicon wafer is used
but this can be any other substrate which has a low surface roughness. SU-8,
a spin-coatable and photodefinable epoxy, is used as polymer master mold ma-
terial. SU-8 is developed by MicroChem [22] and ideally suited for producing
high-aspect ratio (> 1:10) and thick (more than 200 µm) polymer structures. This
material is optimized for permanent applications where it is left on the substrate
after processing, making it ideal for creating master molds which can be used
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(a) Silica fiber. (b) Multiplexed microstructured sil-
ica fiber sensor.
Figure 3.9 – Fiber embedding using laser ablation to define meandering structures.
multiple times for replicating the structures [19].
An SU-8 100 layer is spin-coated and patterned by UV contact lithography (Fig-
ure 3.10a). This polymer structure will serve as a negative mask for the PDMS
material. After a hard bake step of the SU-8, a controlled amount of PDMS mate-
rial is poured on the silicon wafer and cured at 60 ◦C (Figure 3.10b). The bad ad-
hesion between the UV patterned polymer and the cured PDMS enables a smooth
release of the PDMS material once it is fully cured. The result is a patterned PDMS
layer with U-shaped grooves (up to a thickness of 150 µm), Figure 3.10c.
The next step is placing, aligning and fixing of the fiber (Figure 3.10d). Depending
on the track width and height, this can be done by either pressing the fiber into the
tracks or by using an UV glue. This last technique ensures proper fixation of the
fiber but has the disadvantage of introducing a hard, non-flexible intermediate
layer between the fiber and the host material. The top layer thickness can be
controlled by the use of a hot embossing press: by controlling the embossing
pressure and temperature, the fiber embedding tracks can be filled up and the top
layer thickness can be adjusted. A liquid (not cured) PDMS layer serves as a glue
layer between the bottom layer including the embedded fiber and the (half cured)
top layer (Figure 3.10e). An example of a microstructured silica fiber embedded
in Sylgard®184 is shown in Figure 3.10f.
Next to the accurate fiber positioning, other advantages are the possibility to re-
use the SU-8 mold and the convenience to adapt the fiber embedding pattern
(also enabling meandering tracks in the PDMS material) by changing the mask
design for the UV patterned master mold.
In the final process flow, the bottom and top PDMS layers are spin-coated on a
temporary PEN or PET foil, a low-cost polymer substrate with bad adhesion to
PDMS enabling release of the PDMS stack at the end of the process. After spin-
coating, these layers are half cured before the next liquid, uncured layer is applied
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Si wafer
SU-8
(a) Structuring SU-8 on a Si wafer
using UV lithography.
PDMS
Si wafer
(b) Casting liquid PDMS on Si substrate.
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(c) Peel off PDMS after curing.
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(d) Align and fix optical fibers in U-grooves.
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(f) Cross-sectional view on embedded
microstructured silica fiber.
Figure 3.10 – Soft-lithography based fiber embedding process flow.
to enhance the adhesion between the different PDMS layers. Rather than casting
PDMS on the rigid SU-8 wafer, the wafer is in this flow used as an imprint tool in
an uncured layer. During this imprint, a full cure step for the PDMS is applied.
An overview of this final process flow is presented in Table 3.6. By using similar
process parameters for the top and bottom layer, the fiber can be embedded in
the middle of the PDMS stack, as illustrated in Figure 3.11. Figure 3.11b and 3.11c
show cross-sectional pictures of PDMS embedded POF.
Alternative techniques
An alternative method for embedding fibers within thermally or UV curable
polymers is the use of an iron frame. The fiber is fixed under the iron frame
and the polymer can simply be poured on the surface defined by this frame. This
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way the surface of the polymer including the embedded fiber is not covered by
any mold. The mechanical manipulation of the optical fiber is consequently kept
to a minimum. This process flow is particularly interesting for high viscosity
embedding materials.
Table 3.6 – Process parameters for symmetrically embedding optical fiber sensors using
soft-lithography approach.
Step Description Parameters
Bottom sample
(a) Process SU-8 100 on silicon wafer [22]
(b) Spin Sylgard®184 on temporary PET foil 1 min at 250 rpm
(c) Cure step 1 (sticky, half cured) 40 min at 60 ◦C on hot plate
(d) Spin Sylgard®184 1 min at 250 rpm
(e) Emboss silicon wafer with SU-8 pattern
and cure Sylgard®184 using a press
90 min at 60 ◦C and 1 bar
(f) Release PDMS stack from Si wafer manually
(g) Position optical fibers in PDMS tracks
Top sample
(a) Spin Sylgard®184 on temporary PET foil 1 min at 250 rpm
(b) Cure step 1 (sticky, half cured) 40 min at 60 ◦C on hot plate
(c) Spin Sylgard®184 1 min at 500 rpm
Bonding top and bottom sample using press
(a) Place top sample (wet PDMS) on bottom sample
preserving the position of the optical fibers
(b) Emboss wet PDMS layer and cure Sylgard®184
using a press
90 min at 60 ◦C and 1 bar
(c) Release temporary PET foils from both sides manually
3.3.3 Cylindrical sensing tubes
As an alternative for the planar sensing foils, cylindrical sensing tubes are needed
for some specific applications such as esophageal manometry. For this purpose,
typically polymer optical fiber sensors are used. The tubular embedding process
of a multiplexed polymer fiber sensor is schematically shown in Figure 3.12.
The metal tube, protecting the glue joint between the POF and silica fiber con-
nection, perfectly fits in the sensing tube. Dow Corning Silastic®Medical Grade
Tubing (outer diameter of 4.65 mm and inner diameter of 3.35 mm) is used as a
cylindrical tube and Sylgard®184 is again used as a flexible and stretchable em-
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(a) POF embedded in PDMS using soft-lithography approach.
200 μm 
200 μm 
35 μm 
(b) Cross-section of soft-lithography
based PDMS stack (without fiber).
(c) Cross-section of soft-lithography based
PDMS stack (with POF).
Figure 3.11 – Result of soft-lithography based PDMS embedding based on Table 3.6.
fiber clamp on 
XYZ microstage 
PMMA 
sealing 
injection 
inlet fiber outlet 
FC/APC connector 
POFBG 
Silica fiber 
Protected 
glue joint 
Polymer fiber 
Figure 3.12 – Schematic view of the tubular POF embedding set-up.
bedding material. The tube is sealed on one end with a circular PMMA barrier
accommodated with an injection inlet and a fiber outlet. This host material is
injected in a liquid state via the injection inlet. By using a fiber clamp on a mi-
crostage, one can adjust the position of the fiber in the tube and prestrain the fiber
before the final curing process is initiated. This way the fiber can be mounted in
the middle of the tube and the position of the Bragg gratings can be accurately
controlled.
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Figure 3.13 is depicting a flexible polymer sensing tube and the PMMA sealing
is shown in Figure 3.14a. Cross-sectional views (after fully curing the injected
material) show a smooth interface between the fiber and the injected PDMS ma-
terial (Figure 3.14b) as well as a good filling of the tube (Figure 3.14c). Similar
tubes with silica fiber sensors are fabricated as a reference for characterization
measurements (see below). An example of such a tube is shown in Figure 3.15.
When illuminating the POF sensing tube with a 635 nm light source, the position
of the gratings can be seen within the tube (shown in Figure 3.16).
glue joint protection 
Figure 3.13 – Flexible polymer fiber sensing tube.
Injected 
material 
Tube 
0.65 mm 
125 μm 
(a) PMMA sealing plate
with fiber and injection
inlet.
Injected 
materi l 
Tube 
0.65 mm
125 μm 
(b) Cross-section of an opti-
cal fiber in a sensing tube.
Injected 
material 
Tube 
0.65 mm 
125 μm 
(c) Cross-section of the tube
edge.
Figure 3.14 – Tubular embedding of polymer optical fibers.
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Figure 3.15 – Silica fiber sensing tube.
sensor 3 
sensor 2 
sensor 1 
Figure 3.16 – Multiplexed embedded polymer fiber sensing tube illuminated with a 635 nm
light source.
3.4 Integrated Draw Tower Gratings
The embedding and initial verification of the DTGs was performed by the PhD candidate.
Most of the temperature and strain characterization tests however were performed at
FBGS International (formerly FOS&S, Geel, Belgium).
DTGs have been embedded using a glass mold and Ormocer as a polymer host
material (straight embedding design). The polymer skin is in this case a hard
material to create a robust fiber optic strain gage patch. A result is shown in
Figure 3.17a. Some samples have suffered from initial peak deformation. This
can be seen in Figure 3.17b.
3.4.1 Temperature characterization
The first tests which have been carried out are the investigation of the temper-
ature influence. The applied temperature cycles and the resulting peak wave-
length shifts are shown in Figure 3.18. The peak wavelength drops; this is less
pronounced in the second cycle but still visible.
Two possible explanations for the wavelength drop are:
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(a) Fiber optic strain gage patch.
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(b) Initial peak deformation, varying from sample
to sample.
Figure 3.17 – DTG embedded in Ormocer.
• Relaxation of the Ormocer embedding material.
• Slippage of the fiber through the embedding material.
The resulting sensitivity is 111 pm/◦C whereas the intrinsic DTG sensitivity is
10 pm/◦C [2]. Consequently, the thermal expansion of the Ormocer is 84 µe/◦C.
In detail investigation shows a reduced peak deformation at elevated tempera-
tures and an increased deformation at lower temperatures. We can conclude that
the deformation is a result of the shrinkage of the Ormocer. A proper transfer of
changing ambient conditions from the Ormocer embedding material to the Or-
mocer coated fiber is on the other hand a clear advantage.
3.4.2 Strain characterization
An embedded DTG is glued onto a metal plate which was 3 times stretched to
0.1 %e (first time slightly more than 0.1 %e, the second and third time slightly less
than 0.1 %e). The reference strain measurement was performed using an electrical
extensometer (Figure 3.19a). The results are shown in Figure 3.19b and show the
following remarkable features:
• During the first load cycle, the relation between strain and wavelength is
not perfectly linear. The reason for this behavior is not fully clear. A poten-
tial explanation can be found in a mechanical setting of either the adhesive,
the polymer or the fiber in its coating or skin embedding material. Dur-
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Figure 3.18 – Temperature cycle: temperature and wavelength shift versus time.
ing the second and third load cycle, the behavior is linear, which will allow
reliable strain measurements.
• The strain sensitivity of the embedded fiber is about 9 nm/%e, which is
slightly lower than the free standing fiber (12 nm/%e [2]). This can be at-
tributed to the thin layer of Ormocer material in between the metal plate
and the fiber, which does not fully transfer all strain from metal to fiber.
• The peaks are slightly deformed due to the embedding, but the shape re-
mains nearly identical during the different load cycles. This indicates a
good adhesion between fiber and Ormocer coating.
3.4.3 Meandering fiber embedding
In Figure 3.9a an example was shown of a fiber sensor embedded in Sylgard®184
using a meandering fiber embedding design. Both the optical power transmission
characteristics as well as the strain induced wavelength shifts are influenced by
this design. The most important parameter determining these properties is the
radius of curvature. A radius of 2 cm yields a strain sensitivity of 0.31 nm/%e
whereas straight embedded fiber sensors in a similar stack provide a sensitivity
of 4.84 nm/%e. A more detailed discussion can be found in [23].
As mentioned in Chapter 1, the meandering fiber embedding concept is partic-
ularly interesting for pressure sensing applications on large-area substrates. A
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(a) Set-up.
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Figure 3.19 – Ormocer embedded DTG strain characterization test.
single fiber can contain several sensing points at different Bragg wavelengths en-
abling quasi-distributed sensing. The spatial responsivity of the individual fiber
Bragg gratings is related to the fiber embedding material.
3.5 Integrated Polymer Optical Fiber sensors
The integration and characterization of POFBGs in optical skin materials was performed
in close collaboration with the Aston Institute of Photonic Technologies (Aston Univer-
sity, Birmingham, UK). In terms of workload distribution, the embedding and initial
verification of the POFBGs was performed by the PhD candidate. The main part of the
characterization tests was carried out by the Aston Institute of Photonic Technologies.
In this section, the experimental characterization results on the embedded POF
samples are presented. The performance of the POF samples is often compared
with that of embedded silica FBG samples to illustrate the increased level of sen-
sitivity that POFBGs offer.
3.5.1 Planar
Effects of embedding
Following the inscription of the POFBG the fiber was glued to a silica fiber pigtail
using UV curable adhesive (Loctite 3525). The reflection spectra of the FBGs were
i
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monitored before and after embedding in the optical skin, with the results being
shown in Figure 3.20. The embedding was done using thermally curable PDMS
material (Sylgard®184) and the iron frame technique (see Section 3.3.2). The use
of the iron frame is minimizing the mechanical manipulation of the polymer fiber
sensor and the fragile polymer - silica fiber interface. Embedding polymer fibers
in flexible and stretchable PDMS materials ensures the preservation of the main
advantage of POF which is its mechanical flexibility.
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Figure 3.20 – Reflection spectra of the FBGs before and after embedding in the polymer
skin.
In the case of the reference silica FBG the embedding process induced a decrease
in the Bragg wavelength of 0.8 nm (Figure 3.20a), probably caused by shrink-
age of the polymer during the polymerization process. This wavelength shift
corresponds to a compressive axial strain of 662 µe [1]. By contrast, the POFBG
displayed a decrease in wavelength of 10.8 nm (Figure 3.20b). This order of mag-
nitude larger value is likely to be the result of two factors. Firstly, due to the much
lower Young’s modulus value for PMMA than silica (3 GPa [24] vs. 72 GPa [25],
respectively), any compressive forces provided by the shrinking polymer skin
will lead to a greater strain in the POF. Secondly, it has been shown that when
FBGs in POF are taken for the first time above about 50 ◦C, there can be a large
permanent blue shift in the Bragg wavelength associated with a shrinkage of the
fiber length as residual axial strain induced during the drawing process relaxes
out [26]. Heat generated during the polymerization of the skin (heat curing at
60 ◦C) may have been responsible for this effect.
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Temperature
The temperature characterization of the POFBG sensing skins was carried out in
an environmental chamber at constant humidity. The resulting graphs are shown
in Figure 3.21 and the derived linear sensitivities are listed in Table 3.7. The com-
parison between silica FBGs and POFBGs is performed at 50 % RH. Varying the
humidity for the characterization of embedded POFBGs (Figure 3.21b) results in
constant linear sensitivities.
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Figure 3.21 – Thermal response of polymer embedded FBGs.
Table 3.7 – Temperature sensitivities POFBG characterization.
Bare fiber sensitivity Skin sensitivity
POFBG Silica FBG POFBG Silica FBG
−43 pm/◦C 10 pm/◦C 159 ± 2 pm/◦C 13.9 ± 0.1 pm/◦C
The differences between the embedded and bare fibers are attributable to the skin
material. As mentioned in Section 3.3, Sylgard®184 has mechanical properties
that depend on the amount of curing agent used, the curing parameters etc. As a
reference, the Young’s E modulus can be approximated by 2 MPa and the CTE is
310 ppm/◦C. In the case of the silica fiber, which has a much lower CTE but much
higher Young’s modulus, the fiber resists the thermal expansion of the surround-
ing skin and only exhibits a small increase in sensitivity. For the POF, the more
elastic fiber follows the large expansion experienced by the skin more closely
i
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leading to a change of sign in the Bragg wavelength shift.
Humidity
POFBG humidity sensors are based on the affinity for water of PMMA, leading to
a swelling of the fiber and an increase of refractive index. Both effects contribute
to an increase in the Bragg wavelength of the FBG written in the fiber [27]. The
humidity characterization of the sensing skins was carried out in an environmen-
tal chamber at constant temperature. The results are shown in Figure 3.22 and
the derived sensitivities are listed in Table 3.8.
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Figure 3.22 – Humidity response of polymer embedded POFBGs.
Table 3.8 – Humidity sensitivities POFBG characterization.
Bare fiber sensitivity Skin sensitivity
POFBG Silica FBG POFBG Silica FBG
38 pm/% 0 pm/% 20.5 ± 0.5 pm/% 0.3 pm/%
The time response for the POFBG skin observed in Figure 3.22a of about 30 min is
not significantly different compared to the bare fiber. The sensitivity to humidity
observed in Figure 3.22b is roughly half that of the bare fiber, probably indicating
that the PDMS host material (Sylgard®184) is acting to resist the humidity in-
duced expansion of the fiber. The PDMS embedding material as such is also less
sensitive to water absorption induced swelling than the POF material [28, 29], av-
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eraging the humidity effect at the interface between the embedding material and
the polymer fiber.
Silica FBGs are not sensitive to humidity. However, in subsequent experiments
a very small sensitivity of 0.3 pm/% was measured for silica FBGs. A potential
explanation for this effect is the fact that those FBGs had been recoated before
with a polymer to protect the fiber from mechanical damage.
Axial strain
The strain sensitivity of the skins was characterized using the apparatus shown
in Figure 3.23.
Figure 3.23 – Set-up for determining the strain sensitivity.
The skin was fixed to the translation stages by melting 8 holes (5 mm diameter) in
the skin through which bolts could pass to clamp the skin between an aluminium
plate and the stage. Initially a 5 mm gap was left in the clamp where the fiber was
embedded to try to ensure that the fibers themselves were not directly strained,
but rather that they were allowed to respond to the strain induced in the skin.
Figure 3.24 shows results up to 2 % relative strain for silica FBG (Figure 3.24a)
and POFBG (Figure 3.24b). The silica fiber behaves very poorly even at modest
strains of tens of millistrain. There is evidence of slip and slide behavour leading
to a considerable amount of hysteresis (1 % relative strain hysteresis when strain-
ing up to 2 %). Interestingly, even in the quasi-linear ranges, the strain sensitivity
is only about 0.03 pm/µe, which is roughly a factor of 40 less than the sensitivity
of the bare fiber (1.21 pm/µe) [2]. This proves that the strain transfer from the
elastic skin to the stiff silica fiber is very poor. Extending the clamping area to
the full width of the optical skin including the fiber to enhance the strain transfer
produced no signficant increase in the strain sensitiviy. The POFBG exhibits a
much more linear response (R2 > 0.999) with very little hysteresis (Figure 3.24b,
0.05 % relative strain hysteresis when straining up to 2 %) and displays a sensitiv-
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ity of 1.0 pm/µe. This is much closer to the bare fiber value of 1.5 pm/µe [30], but
the difference is significant and demonstrates the disparity between the elastic
moduli of the POF and the Sylgard material.
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Figure 3.24 – Strain response (up to 2 %) of polymer embedded FBGs.
In order to accurately control the fiber positioning in the optical skin, the soft-
lithography approach (see Section 3.3) was used to produce alternative optical
skins based on 850 nm microstructured multimode POF. Figure 3.25 shows the
strain characterization results for a silica FBG and POFBG up to 5 %. The corre-
sponding sensitivities are 0.098 ± 0.001 pm/µe for the silica FBG @ 1550 nm and
0.417 ± 0.002 pm/µe for the microstructured POFBG @ 865 nm.
Within [23], silica FBGs were embedded in Sylgard®184 using the laser ablation
technique resulting in a sensitivity of 0.244 pm/µe at a wavelength of 1535 nm
(not clamping fiber itself). Table 3.9 is summarizing the different axial strain sen-
sitivities after referencing the values to their respective Bragg wavelengths λB.
Table 3.9 – Strain sensitivities δλB/λB silica vs. POFBG characterization.
Bare fiber sensitivity (/e) Skin sensitivity (/e)
iron frame soft-lithography laser ablation
POFBG
Silica
FBG POFBG
Silica
FBG POFBG
Silica
FBG
Silica
FBG
0.97 [30]
0.86 [31] 0.78 [2]
0.64
0.019 0.48 0.066 0.16
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Figure 3.25 – Strain response (up to 5 %) of polymer embedded FBGs.
Especially for the silica FBGs, there is a clear dependence of the strain sensitivity
on the embedding technique. There is no conclusive explanation for this effect.
The iron frame technique consists of a one-step embedding approach providing
only limited height control on the fiber embedding position. The soft lithography
approach involves fiber clamping channels (see above, Section 3.3.2) and prob-
ably ensures a better fixation of the fiber in the optical skin material. The laser
ablation approach requires the use of an adhesive (typically Norland Optical Ad-
hesive) to fix the sensing fiber in the laser ablated tracks. This glue is presumably
providing a more robust interface between the fiber and the embedding host ma-
terial (PDMS - fiber vs. PDMS - glue - fiber) limiting fiber slippage. Extensive
calibration measurements of the optical skin are in any case indispensable to in-
terpret functional measurement data afterwards.
Contact pressure
Sensitivity to contact pressure was measured with the skin lying on a hard flat
surface, using a cylindrical post (74 g, 12 mm diameter) on which additional
weights could be placed in various positions relative to the FBG, centered at (0,0).
This is shown in Figure 3.26a. The spatial sensitivity of the embedded POFBG to
pressure is indicated in Figure 3.26b. Significant pressure signals are recovered
up to a weight distance of 3 cm from the grating position (the wavelength shift
value at (0,0) is omitted to increase the visibility of the lower values).
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(a) Experimental set-up. (b) Positional response of embedded POFBG to
74 g weight, (0,0) reading is omitted.
Figure 3.26 – POFBG: contact pressure characterization.
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Figure 3.27 – POFBG: contact pressure characterization (continued).
The response to pressure along the fiber axis for both silica and POF sensors is
shown in Figure 3.27a. It can be seen that the lower Young’s modulus of the POF
results in a sensitivity approximately 10 times greater than the silica FBG. Fig-
ure 3.27b shows the linear relationship between the Bragg wavelength and the
applied weight at a lateral offset position of 8 mm for the POFBG. A sensitivity of
2.13 ± 0.03 pm/g corresponding with 24.2 ± 0.3 pm/kPa is obtained. High den-
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sity tactile sensing applications typically require a pressure resolution of 0.5 kPa,
easily obtainable using this photonic skin. Large area tactile sensing devices have
a typical spatial resolution ≥1 cm (linear distance between 2 sensing points). The
spatial responsiveness of the photonic skin is therefore also relevant for these ap-
plications.
Curvature
Unless deliberately made asymmetric in some way, FBGs are not sensitive to
bending and curvature can only be monitored by locating the FBG away from
the neutral axis of the structure under test. In this case bending results in a cer-
tain amount of strain in the fiber core. Depending on the exact position of the
fiber in the optical skin, it is consequently possible to perform curvature mea-
surements and tune the corresponding sensitivity. Respiratory monitoring is a
typical application example requiring bending measurements. This example will
be further discussed in Sections 5.4 and 6.4.
Figure 3.28 shows the curvature response for an embedded POFBG. Clearly the
device posses significant curvature sensitivity, indicating the FBG is not in the
middle of the skin. A sensitivity of 0.91 ± 0.01 nm/m−1 is obtained. The grating
strength is decreasing when the bending radius is getting smaller.
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Figure 3.28 – POFBG: curvature characterization.
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3.5.2 Tubular
The aim of tubular embedding optical fiber sensors is to come up with a biocom-
patible sensing device including different sensing points along the fiber axis. To
achieve this, preferably polymer materials are used, both as a sensor and host
material. Using the technology described in Section 3.3.3 multiplexed multimode
POFBGs (Section 3.2.2) were embedded. The characterization results are listed in
the following paragraphs.
Effects of embedding
Spectral analysis was performed before and after embedding the fiber sensors in
the tubes. The resulting characteristics are shown in Figure 3.29a for the silica
reference FBG and in Figure 3.29b for the multiplexed POF sensors. Curing of the
PDMS material is done at 60 ◦C for the silica fiber and at room temperature for
the polymer fiber in order to avoid further annealing of the Bragg gratings. The
wavelength shift of the silica grating is because of the CTE mismatch between
the PDMS (~300 ppm/◦C) and silica (~0.55 ppm/◦C). The wavelength shift of the
polymer gratings is due to a fiber prestraining step after the PDMS injecting to
have the fiber positioned as straight as possible.
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Figure 3.29 – Reflection spectra of the FBGs before and after embedding in the polymer
tube.
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Transverse loading
To quantify the sensor performance, two compliant sensing tubes were placed
on a metal plate. One of the cylinders is embedded with the silica SMF grating
of 1549 nm, the other is embedded with an array of two POFBGs of 827 nm and
861 nm. A metal beam with a width of 10 mm was placed on these two cylinders.
The cylinders were carefully aligned so the silica FBG and one of the POFBGs
were just lying under the beam for test. Weights were gradually applied onto the
beam to simulate the radial squeezing, as shown in Figure 3.30. Since both cylin-
ders have the same diameter the pressure can be equally applied to the gratings
under test.
Silica FBG POFBG 
Weight 
Figure 3.30 – Pressure characterization arrangement for the transverse loading of the sens-
ing cylinders.
As the weights were gradually applied the transverse force caused an elongation
of the cylinder as a result of Poisson’s ratio. The Bragg wavelengths of the grat-
ings vary with the applied transverse force. Figure 3.31 shows the response of
a POFBG and the silica FBG to small loads. It may be seen that the wavelength
shifts obtained are much greater in the case of the POFBG, a total wavelength
shift of 336 pm, vs. 65 pm for the silica FBG. There is however more noise visible
in the data from the POFBG sensing device.
The response of the device was also tested with larger forces, see Figure 3.32.
It may be seen that the response of the POFBG (85.4 ± 7.1 pm/N) is a factor of
85.4/27.2 = 3.1 times greater than the silica device (27.2 ± 0.8 nm/N). It should
be noted though that because of the different wavelengths of the two devices, the
same strain would produce a wavelength shift in the silica device larger than that
in the POF by the ratio of the wavelengths, namely 1.8. Consequently in terms
of normalized sensitivity, the POF device is a factor of 3.1 x 1.8 = 5.6 greater than
that based on silica fiber.
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(a) Tubular embedded silica FBG
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Figure 3.31 – Response of silica and POF sensors to small forces on the beam.
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Figure 3.32 – Response of silica and POF sensors to larger forces on the beam.
Typical esophageal calibration measurements are performed with applied loads
between 0 and 2 N [32]. End user requirements typically include a pressure range
of 40 kPa and a resolution of 130 Pa. Also the amount of multiplexed sensors has
to be further increased to 10 sensors separated by a typical distance of 2 cm.
3.6 Integrated Microstructured Silica Fiber sensors
The integration and characterization of MSFs in optical skin materials was performed in
close collaboration with the Brussels Photonics Team (B-Phot, Vrije Universiteit Brussel,
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Belgium). The embedding and initial verification of the MSFs was performed at CMST.
The in-depth characterization tests were carried out by the B-Phot team, in particular
within the master thesis of Sanne Sulejmani [13].
In the following paragraphs the results of the experimental characterization of
the embedded silica MSF samples are presented. The tested fibers were specially
designed to have a high transverse mechanical sensitivity. This was achieved by
introducing an asymmetry into the microstructure of the fiber by enlarging and
removing air holes at specific locations. However, this dedicated design implies
that the transverse load sensitivity of the fiber is orientation dependent.
3.6.1 Planar
Effects of embedding
Two MSFs of type 090109P2 and 090524P2 were embedded in a PDMS Syl-
gard®184 optical skin using the soft-lithography embedding approach. During
the embedding process an attempt was made to fix the orientation of the MSF
such that the direction that is most sensitive to mechanical loading was parallel
to the skin surface. The final orientation could however not be checked after skin
fabrication as this required a destructive test. The reflection spectra of the MSFs
before and after embedding are shown in Figure 3.33.
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(b) MSF type 090524P2.
Figure 3.33 – Reflection spectra of the FBG sensors fabricated in MSF before and after
embedding in a PDMS skin.
Due to the embedding of MSF type 090109P2 the spectrum shifted about 120 pm
to shorter wavelengths (Figure 3.33a), but well maintained its shape, and the
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Bragg peak separation decreased only slightly by 8 pm. The overall shift of the
spectrum is probably again the result of shrinkage of the polymer, but since the
peak separation barely changed, we can conclude that this shrinkage is almost
evenly distributed over the cross-section of the fiber. After embedding the MSF
of type 090524P2 in the PDMS skin, its reflection spectrum shifted about 500 pm
to shorter wavelengths (Figure 3.33b), while the Bragg peak separation decreased
by 20 pm. Although the effects of polymer shrinkage seem to have a larger influ-
ence on this type of fiber, the spectrum has not deformed and both Bragg peaks
are still well distinguishable.
Two MSFs of type 090109P2 and two MSFs of type 090524P2 were embedded in
an Ormocer skin sample of 1 cm by 4 cm using the injection molding technique.
Again efforts were made to fix the orientation of the fibers in the optimal posi-
tion, but this could not be checked without destroying the samples. Figure 3.34
shows the reflection spectra of two different types of fiber before and after they
are embedded in Ormocer.
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(b) MSF type 090524P2.
Figure 3.34 – Reflection spectra of the FBG sensors fabricated in MSF before and after
embedding in an Ormocer skin.
Embedding the MSFs of type 090109P2 led again to a shift of the spectrum to
shorter wavelengths (Figure 3.34a). The overall shift is about 6.67 nm, indicating
that the shrinkage of Ormocer (typically a few %) has a larger influence on the
embedded fiber. The Bragg peak separation however only decreased by 14 pm,
again proving that the polymer shrinkage is almost evenly distributed along the
cross-section of the MSF. Due to a bad optical connection, the second sample fab-
ricated with this type of fiber could not be tested. For both samples with MSF
of type 090524P2 embedded, the spectra after embedding was heavily deformed
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and Bragg peak detection was difficult. There is again a shift of the spectrum
to shorter wavelengths, but also significant peak splitting. Only one of these
two fabricated samples could be tested and the monitored Bragg peaks are indi-
cated in Figure 3.34b. The deformation of the spectra after embedding MSF type
090524P2 can indicate that this type of fiber is indeed more heavily influenced
by polymer shrinkage, but can also be the result of embedding defects such as
asymmetric strain distributions.
Finally, a MSF of type 091023 with an array of 4 FBGs inscribed was embedded
in an Ormocer skin of 8 cm by 8 cm using the injection molding technique. The
4 FBGs are laid out parallel to each other, 1 cm apart. During embedding the
orientation of the fiber was not taken into account, as this is difficult for arrays of
FBGs.
Temperature
The two fibers embedded in the PDMS skin and the array of 4 sensors embedded
in Ormocer were subjected to a temperature test. They were placed in an oven
and temperature was increased from 28 ◦C up to 49 ◦C. During the test, their
Bragg peak wavelengths were monitored with an OSA (Figure 3.35).
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Figure 3.35 – Wavelength shift for temperature tests on a PDMS skin with a MSF 090109P2
embedded.
Table 3.10 summarizes linear fits of the recorded Bragg peak wavelength shifts.
Comparing the results of the 090524P2 fiber and the 090109P2 fiber both embed-
ded in PDMS, one clearly identifies a much larger temperature sensitivity for the
individual Bragg peaks in the case of MSF type 090524P2. The sensitivity of the
Bragg peak separation is however much lower (0.16 pm/◦C vs. 0.30 pm/◦C) but
these values are still an order of magnitude higher than the temperature sensitiv-
ity of the Bragg peak separation of the bare MSFs (see Section 3.2.3, Table 3.1).
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Table 3.10 – Temperature sensitivities (pm/◦C) MSFs embedded in an PDMS or Ormocer
skin. Standard error values (σ) reflect the variations between different experiments.
MSF type 090524P2 embedded in PDMS
fast axis slow axis peak separation
pm/◦C linear fit σ linear fit σ linear fit σ
FBG1 47.09 1.86 47.25 1.80 0.16 0.07
MSF type 090109P2 embedded in PDMS
fast axis slow axis peak separation
pm/◦C linear fit σ linear fit σ linear fit σ
FBG1 25.86 0.87 26.17 0.86 0.30 0.07
MSF type 091023K2 embedded in Ormocer (array of 4 FBGs)
fast axis slow axis peak separation
pm/◦C linear fit σ linear fit σ linear fit σ
FBG1 7.83 0.43 8.22 0.51 0.38 0.10
FBG2 7.65 0.55 8.26 0.58 0.61 0.06
FBG3 7.48 0.68 8.07 0.68 0.59 0.07
FBG4 8.35 0.48 8.53 0.51 0.18 0.06
A wavelength multiplexed array of FBGs inscribed in the MSF of type 091023K
and embedded in Ormocer has much lower temperature sensitivity of the indi-
vidual Bragg peaks. This large difference between the two different host polymer
materials is due to the higher CTE of PDMS over Ormocer (see Section 3.3). The
temperature sensitivity of the Bragg peak separation for this sample was again
rather low ranging between 0.18 pm/◦C and 0.61 pm/◦C. The different sensitiv-
ities monitored for the different FBGs inscribed in the same fibers are likely the
result of different orientations of the fiber sensors. A different orientation of the
fiber will influence the effect of thermally induced stresses. These values for the
Bragg peak separation nevertheless confirm that the embedding process has a
considerable impact on the temperature insensitivity of the sensor elements.
Contact pressure
The PDMS skin sample with two different types of fibers embedded is subjected
to different types of pressure tests. The skin is placed on a hard flat surface,
while loads are applied at different positions. A pressure experiment was per-
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formed with a load of 0.5 N that was applied with a metal ball with a diameter
of 18 mm, as shown in Figure 3.36a. First, the shift of the individual Bragg peaks
was monitored when the load was applied on several positions along a line that
crosses the FBG sensor. The corresponding Bragg peak shifts for the FBG sensor
fabricated in the MSF of type 090109P2 are shown in Figure 3.36b. A Gaussian
fit was applied to the results and the details are summarized in Table 3.11. The
maximum peak shift for the mode polarized along the fast axis (33 pm) is 2 pm
higher than that of the mode polarized along the slow axis (31 pm). This implies
a very small change in Bragg peak separation when the load is directly placed
on top of the FBG sensor. The same experiment was performed on the MSF of
type 090524P2 and the results are also summarized in Table 3.11. The maximum
wavelength shift is larger for this sample, but no change in peak separation was
observed. For both experiments, the Gaussian fits have a Full Width at Half Max-
imum (FWHM) ranging between 1.4 mm and 1.5 mm. This is an indication for the
distance over which the embedded FBG sensor can still detect an applied load.
0,5 N
(a) Experimental set-up to apply a load to
the optical skin using a metal ball. (b) Individual Bragg peak shifts of a PDMS embedded
090109P2 MSF induced by the loading along a line that
crosses the FBG.
Figure 3.36 – Contact pressure characterization of embedded MSFs.
Table 3.11 – Gaussian fits of the results of the Bragg peak shifts of PDMS embedded MSFs.
MSF type 090524P2 MSF type 090109P2
fast axis slow axis fast axis slow axis
Max. peak
shift (pm) 94 94 33 31
FWHM (mm) 1.44 1.54 1.41 1.44
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This experiment was extended to scan the sensitivity of the skin over a larger
area. Pressure was applied on more positions in an area of 6 mm x 13 mm, and
for each position the wavelength shifts were monitored. The result is shown in
Figure 3.37. Although we again see an increased sensitivity of the individual
Bragg peaks at the position of the FBG, the influence of an applied load on the
Bragg peak separation is minimal.
Grating 
position 
Grating 
position 
Grating 
position 
(a) Fast axis Bragg peak wavelength.
Grating 
position 
Grating 
position 
Grating 
position 
(b) Slow axis Bragg peak wavelength.
Grating 
position 
Grating 
position 
Grating 
position 
(c) Bragg peak wavelength separation.
Figure 3.37 – Contact pressure characterization of a PDMS skin with a 090109P2 MSF em-
bedded. Color plots showing the wavelength change when a load of 0.5 N is applied at
different locations.
The same experiment was carried out but with the load increased up to 5 N. Al-
though this higher pressure led to larger wavelength shifts, it also caused the
i
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reflection spectra to deform when the skin was loaded directly or nearby the em-
bedded FBG. When using a cylindrical load of 9 N and a larger flat contact surface
(diameter 26 mm), these deformations did not take place. This is an indication
that contact areas with dimensions comparable to that of the FBG (typically few
mm) can lead to spectrum deformations.
Other experiments focused on the fibers embedded in Ormocer skins. First a
load of 0.5 N was applied along a line on the skins that measures 1 cm by 4 cm.
The experimental set-up was shown in Figure 3.36a. One of the contact pressure
results of an embedded MSF type 090109P2 sample is shown in Figure 3.38 and
the details of the Gaussian fits are listed in Table 3.12. For all three tested skins
a different maximum Bragg peak shift is observed for the modes polarized along
the fast and the slow axis. This results in a shift in the Bragg peak separation
when the load is applied on top of the FBG, albeit a small shift. The shift of the
individual Bragg peaks is again highest for the MSF of type 090524P2, as was
the case for the PDMS skins. The FWHM of the Gaussian fits ranges between
2 mm and 2.4 mm, indicating that sensors embedded in Ormocer skins can detect
pressures over a larger area than sensors embedded in PDMS skins.
Figure 3.38 – Individual Bragg peak shifts of an Ormocer embedded 090109P2 MSF in-
duced by the loading along a line that crosses the FBG.
Table 3.12 – Gaussian fits of the results of the Bragg peak shifts of Ormocer embedded
MSFs.
MSF type 090524P2 MSF type 090109P2
Sample 1 Sample 1 Sample 2
fast axis slow axis fast axis slow axis fast axis slow axis
Max. peak
shift (pm) 120 117 74 66 50 37
FWHM (mm) 2.16 2.16 2.23 2.39 2.33 2.04
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The Ormocer skin with the array of FBGs embedded was tested with the same
experimental set-up, but the load was increased to 5 N and a larger area was
scanned. For each position where a load was applied, the Bragg wavelengths
shifts were recorded and the results are shown in Figure 3.39. We see again an
increased sensitivity of both the individual Bragg peaks as the peak separation
nearby the location of the FBG. However, the reflection spectra deformed heavily
when the load was applied on top or close to the FBG. No reliable results were
consequently obtained for these positions and they are therefore left blank in Fig-
ure 3.39. It can be concluded that the practical applicability of the MSF sensors is
limited using the polymer embedding technology in its current state.
FBG 
2 mm 
2 mm 
2 mm 
2 mm 
FBG 
(a)
(b)
Figure 3.39 – Contact pressure characterization of an Ormocer skin with a 091023 MSF
embedded. Color plots showing the wavelength change when a load of 5 N is applied at
different positions.
i
i
“BVH˙book” — 2013/10/24 — 10:07 — page 115 — #157 i
i
i
i
i
i
3.6 Integrated Microstructured Silica Fiber sensors 115
3.6.2 Macrostructuring to enhance pressure sensitivity
In the previous section only small or moderate contact pressure sensitivities were
achieved for the Bragg peak separation of the MSFs embedded in either a PDMS
or an Ormocer skin. In this paragraph, an approach is presented to overcome
the current limitations and increase the contact pressure sensitivity of the sensor
elements via the use of macrostructuring.
The experimental contact pressure skin results indicated that the transverse me-
chanical sensitivity of the polymer embedded MSF system is significantly lower
compared to the bare MSF’s high transverse mechanical sensitivity. This is due
to the mismatch between the transducer layer (PDMS or Ormocer) and the silica
fiber limiting the portion of stress transferred to the embedded Bragg grating. To
fully exploit the benefits of the microstructured fiber sensors, it is important to in-
vestigate how physical quantities can be best transformed into a parameter that
can be sensed locally by the fiber grating.
To increase the compatibility between the embedding host material and the op-
tical fiber, one possibility is to use the polymer optical fibers (Section 3.5). As
an alternative, it is possible to introduce a structure that maximizes the stresses
present in the region surrounding the optical fiber. This is investigated in de-
tail within the PhD research of Sanne Sulejmani [13]. Figure 3.40 provides an
overview of a few macrostructuring possibilities and the theoretical increase of
the peak separation pressure sensitivity.
Figure 3.40 – Overview of the possible improvement to the pressure sensitivity when dif-
ferent types of macrostructures are applied.
Experimental work to fabricate these macrostructured grooves was performed
by using a CO2 laser (λ=10.6 µm). Scanning different parameters (Figure 3.41)
provided fabrication parameters for different groove widths and depths.
First experimental results using macrostructuring grooves of almost 500 µm wide
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1.75 mm 
180 μm 
1.31 mm 
420 μm 
(a) Ablating 1 groove at
0.8 mm/s
1.75 mm 
180 μm 
1.31 mm 
420 μm 
(b) Ablating 4 adjacent grooves
with 100 µm spacing at 2 mm/s
Figure 3.41 – Defining macrostructuring grooves by CO2 laser ablation using a pulse rep-
etition frequency of 100 Hz, 0° attenuator, a circular mask with 4000 µm diameter and 10x
lens demagnification.
and 1.75 mm deep yielded a peak separation sensitivity of 55 pm/MPa. A sample
with a similar embedded MSF without grooves provided a reference sensitivity
value of 25 pm/MPa.
3.7 Advanced fiber embedding
3.7.1 Locally embedded
Instead of full planar sensing layers, there is often a need for locally pressure
sensitive islands. This way the application of an external strain or pressure is lo-
calized on the fiber Bragg grating, enhancing the sensitivity of the fiber sensor,
especially in the case of MSF, and avoiding cross-talk between the different sen-
sor points.The interconnection between different sensing points is then based on
(uncoated or coated) bare fiber. Using a dedicated mold, these pressure sensitive
islands can be fabricated. An example of such a mold is shown in Figure 3.42
including fiber alignment tracks, material inlet and air outlet channels.
Figure 3.43 is depicting an example of silica fiber Bragg gratings locally embed-
ded in MED-6015, a PDMS material from Nusil [33] as well as a cross-sectional
view on the embedded silica fiber (with fiber coating, total diameter 250 µm).
3.7.2 Stacking optical skins
For respiratory monitoring applications, bend sensors are typically required. One
option is to mount two separate gratings symmetrically either side of the neutral
axis in an optical sensing skin. With such an arrangement, the difference between
i
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(a) Top view. (b) 6 pressure sensitive islands can be molded in parallel.
Figure 3.42 – Dedicated mold to fabricate locally embedded fiber Bragg grating sensors.
250 μm 
900 μm 
(a) Locally embedded sensor islands.
250 μm 
9 0 μm 
(b) Cross-sectional view
- coated fiber.
Figure 3.43 – Silica fiber embedded in Nusil MED-6015 using dedicated mold.
the two Bragg wavelengths is sensitive to bending but not sensitive to common
mode strain or temperature. The stacking of two optical skins, each containing
a single FBG, was achieved by plasma activating both optical skin surfaces, fol-
lowed by an aligning and dry bonding step using an air plasma generator (Diener
Pico, 0.8 mbar, 24 s, 190 W, 40 kHz). Figure 3.44a depicts a schematic view on
this bonding process. Aligning the two optical skins before bringing them into
contact is done using a mask aligner system (SET MG1410) which was modi-
fied by placing an adapter plate containing an extra vacuum chuck in the mask
holder (holding Optical skin A in Figure 3.44b). Optical skin B was fixed in place
on the substrate table of the aligner, using another adapter plate and the stan-
dard vacuum connection. Using the available positioning table and microscope
of the aligner system, it was possible to align both optical skins. Once aligned,
the PDMS layers were brought into contact, creating an irreversible bond of the
plasma treated layers.
First prototypes of stacked silica and polymer fiber sensors are shown in Fig-
ure 3.45. In the case of POFBG stacking, it is important to position the silica - POF
glue joints sufficiently separated from each other.
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500 μm
Oxygen plasma treatment to active surface
layers and improve bonding characteristics
Algining and bonding
Optical skin A
Optical skin B
(a) Schematic view.
Optical skin A
Optical skin B
Vacuum plate
Vacuum plate
(b) Aligning two optical skins us-
ing a modified mask aligner set-up.
Figure 3.44 – Stacking two optical skins through aligning and dry bonding through plasma
surface treatment.
Silica – POF glue joints 
(a) POFBG.
Silica –  glue joints 
(b) Silica FBG.
Figure 3.45 – Stacking optical skins to perform bending/respiratory measurements.
3.8 Conclusion
Different fiber embedding techniques were developed in this chapter. Depending
on the application need, a soft or more stiff material can be chosen as a host ma-
terial. Several embedding techniques were investigated: molding, laser ablation
and soft-lithography, each possessing their specific advantages.
The sensing elements used within this chapter are based on either Draw Tower
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Gratings, Polymer Optical Fiber Gratings or Microstructured Silica Fiber Grat-
ings. The DTGs offer a commercially available and highly reliable sensor option
whereas the MSFs allow for tuning the sensor response to certain parameters
(increased transverse mechanical sensitivity, limit temperature cross-sensitivity).
The POFBGs provide a safe alternative for potential sharp hazards when using
silica fibers. Mainly because of the excellent compatibility with polymer embed-
ding materials, they also offer a much higher sensitivity for mechanical loading.
Next to the planar optical skin foils, multiplexed POFBGs were also embedded in
tubular devices to enable pressure measurements in the esophagus.
The responsivity of planar embedded MSFs was rather limited because of a com-
plicated transfer from the applied load to the actual sensing fibers. More specif-
ically, the polymer host material is acting as a transducer material transferring
but also affecting the applied mechanical loads to the MSF. Temperature vari-
ations are introducing asymmetric stresses and transverse strains are partially
redistributed. There are different solutions to solve this problem. One option is
to create locally embedded fiber sensors to limit the spatial distribution of the ap-
plied loads. An alternative is macrostructuring the optical skin material to locally
maximize the externally applied strain or pressure. Both embedding technologies
are under investigation.
Stacking different optical skins on top of each other can provide additional op-
portunities for integrated fiber sensing such as respiration monitoring through
bending measurements.
An overview of the different sensitivities measured throughout this chapter is
listed in Table 3.13. For the MSFs, the sensitivity of the individual peaks is an
average value for the fast and slow axis (split values can be found in Section 3.6.1).
Table 3.13 – Relative sensitivities of the planar embedded fiber sensors δλB/λB.
Fiber
type
Embedding
material
Temperature
(10−6/◦C)
Pressure
(10−6/N)
Axial strain
(/e)
DTG Ormocer 72 0.58
SMF PDMS 9.0 44 0.02 - 0.162
POFBG PDMS 103 461 0.48 & 0.643
MSF - individual peaks PDMS 17 & 303 41 & 1213
MSF - peak separation4 PDMS 0.10 & 0.193 ≈ 0
MSF - individual peaks Ormocer 5.2 73 & 1543
MSF - peak separation4 Ormocer 0.28 14 & 3.93
2Highly dependent on embedding process.
3Dependent on fiber type.
4Dependent on fiber orientation.
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The aim of this chapter was to come up with a sensing skin based on polymer
embedded fiber sensors. Depending on the application, a different embedding
approach and fiber type can be selected. The tubular embedded polymer fiber
sensors proved to be compatible with esophageal measurement requirements.
Embedded MSF sensors are typically used within harsh (high temperature and
pressure) environments. Further research is needed however to maintain the
functionality of these sensing systems once embedded in a polymer host mate-
rial. Polymer optical fiber sensors have a relatively low reflectivity, limiting the
options for fully embedded interrogation systems. For the remainder of this dis-
sertation, the main focus is therefore on silica fiber sensors (DTG or other) in
order to come up with a proof-of-principle fiber sensing system. An outlook will
be provided towards specialty fiber sensors and polymer fiber sensors.
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Integrated optoelectronic components
for optical sensors
Optoelectronic components are needed to drive, read out and interpret the optical sensors
and the according sensing information. Within this chapter, a technology is developed
to embed these necessary driving and read-out elements for optical sensors in ultra-thin
optoelectronic packages based on polymer materials. A thorough selection of suitable op-
toelectronic components is performed, studying both the compatibility with the optical
sensing elements and the possibility to embed these components using polymer based
integrated packages. Although this embedding technology is providing a generic opto-
electronic packaging process, the intended application is the integrated interrogation of
optical fiber sensors. The selection of the appropriate components is therefore based on
this criterion.
4.1 Introduction
When using sensors based on optical working principles, the optomechanical
properties of the sensing medium are changing when certain environmental pa-
rameters are adjusted (as was discussed in Chapter 2). To read out and visualize
these changes, a light source and mostly also a detector are needed. Depending
on the sensing and interrogation principle (extensively discussed in Chapter 2,
Sections 2.1 and 2.2), the type of source and detector can seriously differ.
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For all sensing systems within this dissertation, a major objective is an exten-
sive integration through embedding and miniaturization of the sensors and the
according interrogation systems. In this chapter, the necessary technology is de-
veloped to address this objective in terms of the optoelectronics. Depending on
the sensor type, additional dedicated technology blocks may be required. In the
case of fiber sensing systems, separate technology building blocks are necessary
for the fibers (Chapter 3) and the coupling of the fibers and the optoelectronics
(Chapter 5). Sensors based on a working principle inherent in the optoelectronic
components, such as the shear sensor discussed in Section 2.1.1 or the pressure
sensor discussed in Section 2.1.2, are not involving any light guiding structures.
They can consequently rely on only the optoelectronics integration technology.
When fabricating traditional optoelectronic semiconductor active chip packages,
one typically has to chose between several technology options. These technology
choices are related to the interconnection technology, such as face up placement
(wire bonding) or flip chip (solder bumps, ball grid arrays), and the packaging
technology, such as Dual In-Line (DIL) or Multi-Chip Modules (MCM). The re-
sulting packages are mounted on a carrier substrate such as a rigid Printed Cir-
cuit Board (PCB) or a flexible substrate. The thickness and size of such modules
can be a limiting factor when using these chip packages for example in wear-
able systems, for biomedical purposes (such as minimally invasive surgery) or
within structural health monitoring applications. In this chapter, a technology
is described to come up with an ultra-thin, unobtrusive and mechanically flex-
ible optoelectronic package. Light emitting III-V components and detectors are
therefore integrated in a spin-coated polymer stack consisting of epoxy and/or
polyimide materials.
The integration challenges strongly depend on the component type (metalization,
light emitting area, heatsinking etc.). A selection of the most promising optical
sources and detectors is consequently imposed. As we will see later on, there are
several trade-offs to be considered in this context including for example sensor
interrogation speed versus interrogation accuracy and multiplexing possibilities
versus system cost.
4.1.1 Ultra-thin packaging
By making the driving elements and associated peripheral materials as thin and
small as possible, it is possible to come up with an unobtrusive alternative for the
traditional PCB technology which is typically combined with surface-mounted
devices. The optoelectronic components are therefore manipulated on a bare die
level. Bare dies are typically used in high-end systems where conventional pack-
aging might result in unacceptable levels of degradation in electrical, mechanical
or thermal performance [1]. In this chapter, the optoelectronic bare die compo-
nents are thinned down and embedded in an ultra-thin optical package. This chip
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level integration enables a high degree of mechanical flexibility and formability.
4.1.2 Polymer embedding
Using polymers as embedding host material and consequently avoiding the tra-
ditional PCB laminates is further limiting the dimensions of the total chip pack-
age. The main driver behind the use of materials from the polymer family is
however the possibility to make non-toxic, human-friendly or potentially even
biocompatible applications.
4.1.3 Wavelength selection
This chapter has to enable the combination of the optoelectronics with optical
fibers and fiber sensors. Fiber Bragg gratings typically have reflecting wave-
lengths in the range of 850 nm or 1550 nm. The main advantage of the 1550 nm
components is the compatibility with off-the-shelf telecom equipment (sources,
fibers, detectors). In terms of cost, the 850 nm devices provide a good alternative
because of the possibility to work with Silicon (Si) or Gallium Arsenide (GaAs)
devices. At a wavelength of 850 nm, optical losses in polymer based fibers or
waveguides are also significantly lower than at 1550 nm. When selecting the ap-
propriate wavelength, one has to take into account these different pros and cons.
4.2 Selection of optoelectronic components
The necessary optoelectronics for optical fiber sensors have to meet certain re-
quirements:
• Availability of the component in an unpackaged - bare die - version.
• Wavelength compatibility with the fiber Bragg grating wavelengths.
• Minimum level of in-fiber optical power budget.
• Modal behavior allowing for an unambiguous fiber sensor read-out.
Within this PhD research and related projects (Chapter 1, Section 1.8), several
types of unpackaged semiconductor optoelectronic sources were obtained as bare
dies, both in the 850 nm and 1550 nm wavelength range. An overview of the
optoelectronic components (bare die) available for further integration is provided
in Table 4.1. The price/die values mentioned in this table are only indicative.
All components were then investigated to check their suitability for use with fiber
sensors. To perform this comparison, they were not yet integrated in a polymer
package but rather mounted as bare die on a rigid carrier.
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Table 4.1 – Overview of the available (bare die) optoelectronic sources.
edge-emitting top-emitting
LD SLED LED VCSEL VCSEL VCSEL
Company Roithner Exalos Roithner BeamExpress ULMPhotonics
ULM
Photonics
Reference [2] [3] [2] [4] [5] [5]
Price/die e 10 e 250 e 2 e 50 e 11 e 6
λcentral 1550 nm
850 nm
1550 nm 1550 nm 1550 nm 850 nm 850 nm
Modes SM/MM SM MM SM SM MM
Poptical, total 6 mW
10.5 mW
20 mW 2.5-5 mW 1.2 mW 2.5 mW 1.5 mW
Bandwidth 3-5 nm 50 nm65 nm 130 nm 0.15 nm 0.1 nm 0.3 nm
4.2.1 LED
A Light Emitting Diode (LED) is a very low-cost optoelectronic source candi-
date offering a broad spectral output range. A 1550 nm surface emitting unpack-
aged LED (ELC-1550-17) from Roithner [2] was mounted on a substrate and wire
bonded to copper tracks. A 3D translation stage was used to position a bare
fiber end of a 50 µm core multimode pigtail close to the LED in order to maxi-
mize coupling. The remote end of the pigtail was connected to either an OSA or
power meter. The optical power measured in the fiber is very low, never reaching
1 µW. Furthermore there is a non-linear relationship between power and current
at higher drive currents, possibly because of the device overheating due to lack of
heatsinking. The spectral width is very wide (FWHM of 145 nm) but this width
in combination with the very low power in-fiber means that the power reflected
from any sensing grating would be insufficient for any practical application. The
reflected power needed would of course depend on the specific application and
its associated signal-to-noise requirements, but is always likely to be above a few
µW which is already greater than the optical power this source would provide.
The low in-fiber power is due to the fact that the LED emission angle is very large.
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Figure 4.1a shows the far field beam profile of the LED, measured with a beam
profiler (Photon Inc. goniometric radiometer, available at B-Phot, VUB).
4.2.2 LD
An edge-emitting unpackaged Laser Diode (LD, chip 1550-5) from Roithner [2]
was mounted and monitored in a similar fashion to the LED. The power vs. cur-
rent curve displays typical laser behavior with a well defined threshold current
(at I = 12 mA). Power in the multimode fiber is over a mW, and this coupled with
the narrow spectral profile would lead to a good signal-to-noise ratio when inter-
rogating a grating. Figure 4.1b shows the measured beam profile of the Roithner
laser diode. As expected, the coupling of the laser diode light beam is much more
efficient than for the LED. There is however a pronounced modal structure visi-
ble in the beam profile. This is more problematic since during interrogation of a
grating the peaks in the modal structure of the source can essentially be mistaken
for the peak in the grating reflectivity.
(a) Roithner LED. (b) Roithner laser diode.
Figure 4.1 – Measured beam profiles using a goniometric radiometer.
4.2.3 SLED
An edge-emitting unpackaged Superluminescent Light Emitting Diode (SLED,
EXS1510) from Exalos [3] was mounted and monitored in a similar fashion to the
LED and LD. The optical output that we expect from this component is in the
range of 5 mW-20 mW, while the actual measured optical power is in the range
of µWs. The reason for this can be found in the thermal heating of the chip. No
active cooling is present with the given mounting set-up, only passive heatsink
cooling. The driver current range of the SLED is up to 300 mA, which is con-
siderably higher compared to the other components (typical driving currents of
i
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about 1 mA-20 mA). This is causing the bad optical behavior of the wire bonded
component, driven with a continuous electrical current.
In cooperation with the SLED provider (Exalos [3]), this effect was investigated
in more detail. Analyzing the SLED behavior resulted in the observation of a
thermal roll-over causing a spectral collapse with strong red shifting (up to 60 nm,
Figure 4.2b) near the ASE threshold (driving current of 150 mA, Figure 4.2a). We
have however shown the possibility to drive the components with a modulated
driving current to lower the duty cycle and avoid the thermal overheating effects.
The resulting optical power coupled to a fiber increases in this case to 3 mW.
The optical power values are still significantly lower than expected and normal
spectral behavior is shifted to lower driving currents, still indicating a higher chip
temperature. To guarantee continuous wave operation and/or full power pulsed
operation of the SLED and avoid thermal problems, the thermal mass has to be
increased and the thermal resistance of the n-contact has to be reduced. This can
be done for example by using thicker copper traces or heat pipes in combination
with multi-layer heat-spreading PCBs. These solutions are evidently severely
limiting the integration possibilities of this component.
4.2.4 VCSEL
An unpackaged Vertical-Cavity Surface-Emitting Laser (VCSEL, 1550 nm) from
BeamExpress [4] was mounted and monitored in a similar fashion to the LED
and LD. The VCSEL displays a well defined threshold current of 1.9 mA. The
power available in-fiber is good (Figure 4.3a shows the measured beam profile of
the BeamExpress 1550 nm VCSEL to confirm the excellent coupling opportuni-
ties) and later experiments with higher currents and better adjustment achieved
in-fiber power over 1 mW. The beam profile shows an average beam divergence
of 8.15° (FWHM). Equally good is the source spectrum, which consists of a single
emission peak of less than 0.2 nm width. Electrothermal tuning of the BeamEx-
press VCSEL central wavelength, necessary to drive a fiber sensor, is possible to
a limited extent (Figure 4.3b). Depending on the fiber type and the application
(transducer material, parameter range), a wavelength range of 1 nm up to a few
nm is needed to interrogate a single fiber Bragg grating sensor. The wavelength
resolution of commercially available (OSA or peak tracking) systems is typically
ranging from a few 10 pm down to 1 pm.
Depending on the fiber sensor wavelength, also 850 nm VCSEL components are
used. The characteristics of these components are similar to the 1550 nm devices
and are not shown here. Detailed beam profile analysis of these components will
be discussed in view of fiber coupling possibilities within Chapter 5.
Only the VCSELs and SLEDs are consequently retained for the remainder of this
chapter.
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(a) Low optical output power and thermal roll-over near ASE threshold.
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(b) Spectral collapse with strong red shifting starting at 150 mA
indicating a huge thermal problem.
Figure 4.2 – Continuous wave characterization of a 1550 nm wire bonded SLED, per-
formed at Exalos.
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(a) Measured beam profile using a goniometric
radiometer.
1550 15521551 1553 1554 1555
Wavelength [nm]
2 mA
3 mA
4 mA
5 mA
-50
-40
-20
-30
-10
0
Po
w
er
 [d
B
]
(b) Modal structure and electrothermal
tuning effects.
Figure 4.3 – 1550 nm wire bonded VCSEL characterization.
4.3 Chip thinning and back contacting
Typical chip thicknesses of the available optoelectronic components range be-
tween 100 µm and 150 µm. Aiming for an ultra-thin optoelectronic package based
on thin-film processing steps, the individual optoelectronic chips are thinned
down to 20 µm. Thinning down optoelectronic components typically consists
of several lapping and polishing steps. This thinning procedure was previously
optimized for several types of (opto)electronic components, such as microcon-
trollers (PhD Wim Christiaens [6], Chapter 6), multimode 850 nm VCSEL arrays
and GaAs photodetector arrays (PhD Erwin Bosman [7], Chapter 5).
Within this dissertation also active optoelectronic components at 1550 nm are
used. The substrate material is in this case not Si or GaAs but mostly Indium
Phosphide (InP), an even more brittle material. Therefore the thinning technol-
ogy was thoroughly investigated for InP substrates. An additional challenge on
thinning down the different available components is the fact that some compo-
nents have a top and a bottom contact. Because the thinning process physically
removes a large part of the chip backside bulk material, the back-contact metal-
ization layer is completely removed after this thinning process. These two chal-
lenges are now discussed in more detail. Table 4.2 gives an overview of the sub-
strate materials and contact structures of the different investigated optoelectron-
ics.
4.3.1 Thinning InP substrates
The technology to thin down GaAs VCSELs and Photodiodes (PDs) was taken as
a starting point to introduce the thinning of InP substrates (SLEDs/VCSELs). All
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Table 4.2 – Overview of the contact and bulk information of the different investigated
optoelectronics.
Component Substrate material Electrical contacts
1550 nm single-mode SLED InP Top-Bottom
1550 nm single-mode VCSEL InP Top-Top
850 nm single-mode VCSEL GaAs Top-Bottom
850 nm multimode VCSEL GaAs Top-Top
lapping and polishing work of optoelectronic chips is consequently performed on
the Logitech PM5 Precision Lapping & Polishing Machine installed in the CMST
cleanrooms. InP in general is even more fragile than GaAs, which is translated
to a more delicate thinning process. The technology to thin down InP substrates
was developed using dummy substrates. In order to prepare dummy InP chips,
a sample (1 cm x 1 cm) from an InP wafer (thickness 500 µm) was thinned down
to 125 µm and was cleaved into smaller pieces, matching the dimensions of the
SLEDs (1500 µm x 500 µm). The dummy components were mounted onto the
temporary rigid glass carrier with wax for further lapping and polishing to a final
thickness of 30 µm. Fine-tuning of the different process parameters was required:
• The wax for fixation of the dies to the temporary carrier: glycophtalate.
• A minimal load on the dies with support of large InP dummy samples.
• The lapping step is done using a suspension of 3 µm Al2O3 grains on a
glass lapping plate. This results in a fast removal rate (4 min to thin the die
from 125 µm to 40 µm) with low surface damage after lapping using a plate
rotation speed of 10 rpm.
• The polishing step consists of mechanical polishing with very fine 0.3 µm
Al2O3 on a soft cloth resulting in a low edge roundness and low surface
roughness. The polishing process is much slower and takes about 20 min to
thin the dies further from 40 µm to 30 µm. Again a plate rotation speed of
10 rpm is used.
Figure 4.4 shows the roughness of the backside of an InP die after lapping and
polishing measured with a non-contact optical profilometer (WYKO) indicating
an average roughness less than 3 nm on a 120 µm x 92 µm surface. The technology
is ready-to-use on functional devices.
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Figure 4.4 – An optical profiler scan (WYKO NT3300) of the InP substrate after lapping
and polishing.
4.3.2 Applying a back-contact layer
In order to enable the application of a new back-contact layer, an additional
smaller carrier substrate is used during the lapping and polishing process (Fig-
ure 4.5). The reason for this is twofold: firstly, the application of a back-contact
will be done using sputtering and Chemical Vapor Deposition (CVD) in a vac-
uum chamber with limited dimensions requiring a small carrier. Secondly, the
big carrier substrate associated with the Logitech PM5 Precision Lapping & Pol-
ishing Machine can easily be reused as no metalization or annealing steps are
applied on this substrate.
After releasing the small carrier (Carrier 2) from the mother carrier (Carrier 1), a
new back-contact metalization layer AuGeNiAu stack is deposited by evaporat-
ing (AuGe and Au) and sputtering (Ni) consecutively 150 nm AuGe, 60 nm Ni
and 200 nm Au. When releasing the chips from the wax, the complete metal-
ization layer will be attached to the chip. To enable the release of the individu-
ally mounted components, the thin metal layer is therefore first removed around
the chip using laser ablation. More specifically, a 355 nm Nd:YAG laser (86 mW,
10 kHz, dynamic: 1 mm/s) is used to remove the AuGeNiAu stack on a path
around the optoelectronic chip. Dissolving the mounting wax in acetone releases
the individual chips with a typical thickness of 20-30 µm. As a final step, a ther-
mal annealing step (fast alloy up to 440° in 10 % H2-N2 forming gas environment)
is applied to produce an ohmic contact.
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This process was developed to apply back-contact layers to thinned individual
chips and is in its current state not suitable for large quantities of optoelectronic
components. It nevertheless provides a way to thin, embed and test back con-
tacted chips within the CMST cleanrooms.
Carrier 1 Carrier 2 
Dummy 1 
Dummy 2 
SLED/VCSEL 
Figure 4.5 – Introducing an extra carrier (Carrier 2) which is released from Carrier 1 after
lapping and polishing.
4.3.3 Thinning of functional devices
The different types of functional components listed in Table 4.2 are now thinned
down to a thickness of a few 10 µm. This mechanical thinning process based on
individual die thinning is applied for the first time on SLEDs, 1550 nm VCSELs
and 850 nm single-mode VCSELs.
850 nm ULM Photonics multimode VCSELs
Thinning multimode 850 nm VCSELs from ULM Photonics was optimized and
extensively discussed within the PhD of Erwin Bosman [7] and is therefore not
repeated here. This thinning process formed the basis for the thinning technology
developed within this chapter. The material substrate is GaAs and all contact
pads are situated on the top surface of the chip.
1550 nm BeamExpress VCSELs
The 1550 nm BeamExpress VCSELs were thinned down to 40 µm thickness (orig-
inal thickness is 125 µm). Figure 4.6a shows a picture of the thin VCSEL and
Figure 4.6b shows the measured VI curve of the chip after gluing the thinned
component to a substrate and wire bonding the contacts to contact lines on the
substrate. The measured characteristics are the same as for the unthinned com-
ponents (reference graph included in Figure 4.6b).
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(b) Electrical characterization.
Figure 4.6 – Characterization of the 1550 nm BeamExpress VCSEL.
1550 nm Exalos SLEDs
SLEDs are much larger components (1500 µm x 500 µm) than the VCSELs (350 µm
x 250 µm for the 1550 nm VCSELs). Together with the fact that InP is the most brit-
tle material, we can say that the thinning process for the SLED is the most delicate.
Applying the thinning process to these SLEDs however results in good backside
surface quality and no chip damage. Figure 4.7 shows pictures of the backside of
an SLED after lapping (a), after polishing (b) and after backside metalization (c).
Figure 4.8a shows pictures of the SLED top surface after thinning and metaliza-
tion (40 µm thick). The VI curves of the SLED in unthinned and in thinned status
are compared in Figure 4.8b. A small deviation in the curves is observed. The im-
pact of this deviation in the optical output of the SLED could not be measured at
this moment since the DC-driving of the component results in unusual behavior
of the chip due to overheating by the lack of active cooling. Modulated driving of
the chip, using a limited current duty cycle (10 % at 100 kHz), has proven to solve
this problem, but is not implemented in this section.
850 nm ULM Photonics single-mode VCSELs
A WYKO 3D profile of the top surface of a thinned and back contacted 850 nm
single-mode VCSEL is shown in Figure 4.9. This optical profilometer plot shows
that the gold bump surrounding the active area is about 8 µm (reference plane
= top surface of chip). This resulted in an extra challenge for the thinning and
embedding process. When the components are wax-mounted on the temporary
glass carrier before the thinning procedure, a weight is put on the dies to uni-
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(a) After lapping. (b) After polishing.
(c) After back contacting, before laser cutting
and release.
Figure 4.7 – Thinning and back contacting single-mode 1550 nm Exalos SLEDs.
(a) Picture of the top surface after thin-
ning and metalization (40 µm thick).
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chip thickness: 125 µm
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(b) Electrical behavior before and after chip thin-
ning.
Figure 4.8 – Characterization of the 1550 nm SLED.
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Figure 4.9 – WYKO non-contact optical profilometer plot of a single-mode 850 nm VCSEL.
formly spread out the wax layer underneath the chip. The protruding gold bump
around the active area will however carry most of the weight. When the slightest
horizontal shift of the dies in the molten wax occurs, the gold bump will be de-
formed and spread out over the active area. Figure 4.10a shows an extreme case
of this deformation, resulting in a completely covered active area of the VCSEL.
This problem was solved by dropping down the weight on top of the dies in a
very controlled way to avoid any horizontal movement of the weight during the
lowering of the weight. No deformation of the gold bump was observed since
then.
After lapping and thinning of the dies, they are kept inside the wax layer on the
temporary glass carrier and the back-contact metalization is applied. The wax
protects the sides of the chip to be metalized and avoids the creation of a short to
the top active layers of the chip. Figure 4.10b shows a picture of the laser cut back-
contact layer before release of the chips. After release of the chip by removing the
wax with acetone, it is glued on a copper substrate with electrical conducting
glue and wire bonded to copper tracks on the same substrate. The measured VI
and LI curves of the original non-thinned and thinned devices are included in
the graphs in Figure 4.11. The curves are almost identical which guarantees a
successful back contacting after the thinning process.
4.3.4 Conclusion
The thinning and back contacting technology for OE components is available.
We will now turn our focus towards the embedding of the thinned optoelec-
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(a) Picture of a clearly deformed gold
bump around the active area, covering the
complete active area.
(b) Picture of the laser cut metal layer before releasing
the chip.
Figure 4.10 – Thinning, back contacting and releasing single-mode VCSEL chips.
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(a) Electrical characterization.
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(b) Optical characterization.
Figure 4.11 – Characterization of an unthinned vs. a thinned (thickness of 25 µm) 850 nm
single-mode ULM Photonics VCSEL.
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tronic dies in polymer packages. Because of higher driving currents and limited
heatsink possibilities, the SLEDs are challenging to integrate. The development
of the integration technology is therefore focused on a VCSEL - top-emitting -
approach. As an example, we take a single-mode 850 nm VCSEL from ULM Pho-
tonics and a photodetector from Albis. Two approaches have been investigated
and are discussed in detail in the following sections.
4.4 SU-8 based flat optoelectronic package
Two types of packages have been investigated: the first type is based on an epoxy
embedding material, SU-8, a negative photoresist from MicroChem [8]. The sec-
ond type is based on a polyimide embedding material, PI-2611 from HD Mi-
crosystems [9]. Each process flow has its specific advantages and shortcomings.
The main advantage of the first approach is the possibility to work with a single
chip embedding layer matching the thickness of the chip. This results in a flat op-
toelectronic package providing an easy fiber coupling interface for optoelectronic
components with vertically oriented active areas (VCSEL, PD). Also other impor-
tant advantages are associated with this approach. They include for example the
possibility to reliably stack different chip packages on top of each other (outside
the scope of this dissertation).
4.4.1 Process flow
Embedding optoelectronic components in ultra-thin flexible packages was first
investigated within the PhD dissertation of Erwin Bosman. The end result was
an SU-8 based package enabling integrated flexible optical datacom links. This
process flow ([7], Chapter 6, Sections 6.2 and 6.4) was used as a starting point and
optimized from an optical sensing point of view to enable the embedding of (back
contacted) single-mode optoelectronic components and facilitate fiber coupling
(minimize the optical path length). The detailed process flow is schematically
shown in Figure 4.12. As a result, an optoelectronic component is embedded in
an ultra-thin polymer package. When bending and manipulating this ultra-thin
package, the highest stresses in the polymer optoelectronic stack can be found in
the outer layers. By applying layers of polyimide on both sides of the stack as
physical supporting layers, we can spread the high stress inside the outer poly-
mer layer over a larger area than just the manipulated area. Polyimide has a high
strength and flexibility which makes it the ideal support material.
The fabrication of the ultra-thin optical chip package starts on a rigid temporary
glass carrier on which a thin (8 µm thickness) and mechanically strong polyimide
layer (PI-2525, HD Microsystems [9]) is spin-coated. Since there is no adhesion
of this layer with the glass carrier, it can easily be released after completing the
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(a) Applying a polyimide and  
patterning a Cu ground layer 
(b) Applying a SU-8 layer and 
defining a cavity by laser ablation 
 
(c) Placing the thinned chip in 
the cavity using a glue 
(d) Leveling the chip in the cavity 
(e) Covering with SU-8 and laser 
ablating vias to the chip contacts 
(f) Metalizing the top contacts  
(Cu patterning) 
(g) Applying a covering SU-8 
and polyimide layer 
(h) Releasing the ultra thin 
optical package 
Figure 4.12 – Schematic overview of the SU-8 based flat optoelectronic package process
flow.
fabrication. To ensure sufficient adhesion during the process, an adhesion pro-
moter (Pyralin VM652) is applied on the edges of the glass carrier. A 1 µm copper
heatsink layer, which can also function as a back contacting layer, is sputtered on
top of the PI layer and, if needed, electro-plated up to the desired copper thick-
ness. Next, this metal layer is structured using a wet etch CuCl2 process (a). An
SU-8 embedding layer is spin-coated on top and, using a 10.6 µm CO2 and 248 nm
KrF Excimer laser, a chip embedding cavity is ablated (b) to mount (c), level (d)
and fix an optoelectronic chip. The thickness of this SU-8 layer is approximating
the thickness of the chip increased with ≈ 5 µm (thickness of glue layer under-
neath the chip). Depending on the contact pad structure, a thermally conductive
glue (U 8449-9, Namics Corporation) or an Isotropic (thermally and electrically)
Conductive Adhesive (ICA), CE3103 WLV from Emerson & Cuming is used.
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The result of the chip leveling is measured using a non-contact optical profilome-
ter. Measuring 10 embedded single-mode VCSELs, an average of 0.77° with a
standard deviation of 0.57° is obtained after leveling and after glue curing.
A thin (few µm) SU-8 covering layer is applied on top of the chip and microvias
are drilled using an Excimer laser to access the chip contact pads (e). A top con-
tacting 1 µm Cu layer is sputtered and structured (f) and again a thin polymer
SU-8 layer is spin-coated on top to protect the metal contact pads (g). The fi-
nal processing layer consists of applying a thin polyimide layer identical to the
starting polyimide layer. To make contact with the outside world, the polymers
covering the chip contact fan-out pads are locally removed using laser ablation
(CO2 and KrF Excimer). The flexible optoelectronic package with a total thick-
ness of 40 µm is now ready for release (h). To the best of our knowledge, such
PI/SU-8 ultra-thin flexible optoelectronic packages including single-mode and
back contacted laser chips are reported for the first time.
This generally described embedding process can be used to embed several types
of optoelectronic components including VCSELs and PDs. As mentioned before,
the optical out-coupling facet quality is guaranteed in the case of vertically emit-
ting or accepting components (surface quality of top surface is defined by the
final spin-coating step). When combining this integration process with edge-
emitting components however, one should provide an optical facet on the side
of the package (surface quality of side surface is defined by the release method)
with a roughness which is low enough for coupling purposes. In the remainder
of this section, this process flow is applied on single-mode VCSELs at 850 nm and
GaAs photodetectors for fiber sensing purposes. Figure 4.13 is depicting a few
examples of single-mode VCSELs integrated in a PI/SU-8 package.
Bottom 
contacts 
Top contacts 
Embedded single mode 850 nm VCSEL 
Figure 4.13 – Single-mode 850 nm VCSELs embedded in a PI/SU-8 package.
The embedded single-mode VCSELs are now characterized in detail, both elec-
trically and optically, in order to check their functionality and compatibility with
fiber sensing applications. Next to the preservation of single-mode behavior af-
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ter chip thinning, polishing and embedding, efficient and optical skin compliant
(i.e. compatible with planar sensing layers) fiber coupling of the VCSELs is also
an important prerequisite for the envisaged application. This will be tackled in a
dedicated chapter (Chapter 5).
4.4.2 Characterization
In this section, we investigate the influence of three important parameters on the
electrical and optical characteristics of the SU-8 embedded single-mode VCSELs:
• Substrate material. Processing the ultra-thin polymer stack on a rigid PCB
(FR4) board is compared with the polyimide supported flexible package,
processed on a glass carrier.
• Chip thickness. The thickness of the chip is varied and the influence is
studied (“chip: xx µm” is referring to the embedded chip thickness).
• Heatsink layer thickness. An important parameter for the thermal resis-
tance of the optoelectronic package are the dimensions of the heatsink layer
beneath the chip. The thickness of this layer is varied (“Cu: xx µm” is refer-
ring to the heatsink layer thickness).
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Figure 4.14 – Electrical characterization of SU-8 embedded optoelectronic single-mode
VCSELs on a rigid FR4 substrate with varying Cu heatsink thickness and chip thickness.
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The electrical characterization results for the PCB substrates are depicted in Fig-
ure 4.14. The results are typically averaged over two packages. These curves
correspond nicely with the data in Figure 4.11a from the original (not-embedded,
unthinned) components. The deviation in the “Cu: 1 µm, chip: 25 µm” case is
probably due to the fact that there was only 1 package measured for this case.
The electrical characterization results for the PI on glass substrates are depicted
in Figure 4.15 again showing averaged values. These curves correspond nicely
with the data in Figure 4.11a from the original (not-embedded, unthinned) com-
ponents.
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Figure 4.15 – Electrical characterization of SU-8 embedded optoelectronic single-mode
VCSELs on a PI ground layer with varying Cu heatsink thickness and chip thickness.
The optical characterization results for the PCB substrates are depicted in Fig-
ure 4.16 again showing averaged values. These curves are in line with the data
in Figure 4.11b from the original (not-embedded, unthinned) components. The
difference in absolute optical power values is probably due to the inherent chip-
to-chip variation. Bare chip LI slope efficiencies are varying between 0.3 W/A
and 0.7 W/A according to the datasheet. Also the alignment of the Newport 818
series optical power detector used for these measurements can have an influence
on the absolute power values. A saturation effect can however be noticed in all
package types indicating potential thermal problems when using high DC driv-
ing currents.
The optical characterization results for the PI on glass substrates are depicted in
Figure 4.17 again showing averaged values.
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Figure 4.16 – Optical characterization of SU-8 embedded optoelectronic single-mode
VCSELs on a rigid FR4 substrate with varying Cu heatsink thickness and chip thickness.
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Figure 4.17 – Optical characterization of SU-8 embedded optoelectronic single-mode
VCSELs on a PI ground layer with varying Cu heatsink thickness and chip thickness.
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These curves are again in line with the data in Figure 4.11b from the original (not-
embedded, unthinned) components. The difference in absolute optical power
values is also probably due to the inherent chip-to-chip variation. A saturation
effect can nevertheless again be noticed in all package types indicating potential
thermal problems when using high DC driving currents.
Besides the LI (optical power versus electrical driving current) characteristics,
also the electrothermal wavelength tunability will be an important property
when using the VCSELs in combination with fiber sensors. This effect is also
measured (DC driving) and shown in Figure 4.18 for the PCB substrates and
Figure 4.19 for the PI on glass substrates. A more detailed discussion, including
dynamic measurements, is included in Chapter 6, Section 6.6.
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Figure 4.18 – Wavelength tuning of SU-8 embedded optoelectronic single-mode VCSELs
on a rigid FR4 substrate with varying Cu heatsink thickness and chip thickness.
An overview graph depicting the differences in wavelength tunability (nm/mA),
both in terms of substrate, chip thickness and heatsink thickness, is shown in
Figure 4.20. The wavelength tuning effect is largely based on an electrothermal
heating of the chip imposing a difficult trade-off between optimal heat dissipa-
tion and maximum wavelength tuning. The thin PI based package provides a
more efficient heat dissipation compared to the FR4 substrate resulting in lower
wavelength tuning ranges. Tuning ranges are significantly higher for reduced
chip thickness and heatsink thickness values indicating an increased electrother-
mal effect and higher peak temperatures. There is consequently an additional
trade-off between a minimized total thickness of the chip package leading to a
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higher degree of mechanical flexibility combined with higher wavelength tuning
ranges, and an optimal heat management build-up.
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Figure 4.19 – Wavelength tuning of SU-8 embedded optoelectronic single-mode VCSELs
on a PI ground layer with varying Cu heatsink thickness and chip thickness.
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Figure 4.20 – Wavelength tuning of SU-8 embedded optoelectronic single-mode VCSELs.
Average values depending of substrate, chip thickness and heatsink thickness.
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4.5 PI based low-stress optoelectronic package
Because of the difference in the Coefficient of Thermal Expansion (CTE, listed
in Table 4.3), the PI-2525/SU-8 based ultra-thin polymer stack can suffer from a
considerable amount of mechanical stress. This can be an issue when a released
package is used for fiber coupling and further embedding. The alternative which
is presented here is based on a single polyimide embedding material (PI-2611, HD
Microsystems [9]) with a CTE close to the semiconductor materials resulting in
a low-stress optoelectronic package. A potential drawback is the non-flatness of
the polymer stack introducing different step coverages, for example of the opto-
electronic chip. Another challenge is the higher curing temperature (> 300 ◦C) of
the PI-2611 vs. the PI-2525/SU-8 embedding stack. The OE components consid-
ered in this chapter prove to be compatible with the proposed embedding flow
and according process temperatures but this is not guaranteed when changing
the type of component. This process flow is strongly inspired by the work of Rik
Verplancke ([10], Chapter 4). Within his PhD, a stretchable electronics platform
using thin dies, using different polymers including PI-2611, was developed.
Table 4.3 – Overview of the coefficients of thermal expansion of different semiconductor
(left) and polymer embedding (right) materials.
Material CTE (ppm/◦C)
Si 3
InP 4.5
GaAs 6
Material CTE (ppm/◦C)
PI-2611 3
PI-2525 40
SU-8 52
4.5.1 Process flow
Figure 4.21 shows a schematic overview of the fabrication of this low-stress opto-
electronic package. Processing for this type of package again starts on a rigid tem-
porary glass carrier with selectively applied adhesion promoter (Pyralin VM652)
on which a polyimide (PI-2611, HD Microsystems) is spin-coated (6 µm thick-
ness). A 1 µm copper layer is sputtered on top. Heatsinks which can simulta-
neously act as bottom contact layers are patterned using a wet etching (CuCl2)
process (a). The dimensions of the copper heatsinks are 4.5 mm x 4.5 mm, pro-
viding sufficient heat spreading capabilities with only a limited influence on the
mechanical flexibility. Next, a PI-2611 layer (6 µm thickness) is spin-coated on
top and a chip embedding cavity is ablated (b) using a 248 nm KrF Excimer laser
combined with the parameters listed in Table 4.4. Then, an ultra-thin (20 µm)
chip is placed (c), leveled and fixed (d) in the cavity using a thermally conduc-
tive glue (U 8449-9, Namics Corporation) or an ICA (thermally and electrically
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conductive), CE3103 WLV from Emerson & Cuming Isotropic. Leveling of the
chips is again measured using a non-contact optical profilometer. Measuring 25
embedded components, an average of 0.46° with a standard deviation of 0.22° is
obtained after leveling before glue curing and an average of 0.57° with a stan-
dard deviation of 0.31° is found after thermal curing of the adhesive. The op-
toelectronic chip is subsequently covered by spin-coating a PI-2611 layer (6 µm
thickness) and microvias (diameter 40 µm) are drilled (e) using a 248 nm KrF Ex-
cimer laser (200 mJ/cm2, 100 Hz, static: 50-70 pulses/location) to reach the chip
top contacts. Top metalization is performed by sputtering and patterning a 1 µm
Cu layer (f). This copper layer is protected by a top covering PI-2611 layer (6 µm
thickness), again applied by spin-coating (g). To make contact with the outside
world, the polymer layers covering the chip contact fan-out pads are locally re-
moved using laser ablation (CO2 and KrF Excimer). The optoelectronic package
with a total thickness of 40 µm is then ready for release (h). To the best of our
knowledge, such PI based ultra-thin flexible optoelectronic packages includ-
ing single-mode and back contacted laser chips are reported for the first time.
Table 4.4 – Chip embedding cavity in PI-2611: laser ablation parameters.
Parameter Value
Laser Excimer, λ = 248 nm
Projection mask 2000 µm x 2000 µm
Spot size 200 µm x 200 µm
Pulse energy 80 µJ
Pulse repetition frequency 100 Hz
Fluence 200 mJ/cm2
Dynamic: stage translation speed 1 mm/s
Static: # pulses 20 pulses/location
Before each polyimide spin-coating step (except for the starting PI layer), the
underlying PI surface is slightly roughened after hard bake by exposing it for
1 min to an oxygen (O2) plasma. A System VII Batchtop RIE (Plasma-Therm) was
used for this purpose with following parameters: RF power 150 W, O2 flow rate
25 sccm and chamber pressure 150 mTorr. This Reactive Ion Etching (RIE) step is
performed to improve the adhesion with the covering layer.
Resulting PI-2525/SU-8 packages with embedded photodetector arrays (4 active
areas) are shown in Figure 4.22. Figure 4.22b includes a special fan-out copper
design which will ease the alignment of the fiber coupling plug (Chapter 5).
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(a) Applying a polyimide and
patterning a Cu ground layer
(b) Applying a PI layer and defining
a cavity by laser ablation
(c) Placing the thinned chip in
the cavity using a glue
(d) Leveling the chip in the cavity
(e) Covering with PI and laser
ablating vias to the chip contacts
(f) Metalizing the top contacts
(Cu patterning)
(g) Applying a covering
polyimide layer
(h) Releasing the ultra thin
optical package
Figure 4.21 – Schematic overview of the PI based low-stress optoelectronic package pro-
cess flow.
4.5.2 Critical points
In order to avoid early failure (decreasing optical power, electrical degradation or
breakdown) of the embedded components, following guidelines have to be taken
into account during the process flow:
• Although limiting the electrothermal wavelength tuning effect, the dimen-
sions of the heatsinks should be sufficiently large to spread the generated
heat.
• The electrically conductive adhesive should be cured under vacuum condi-
tions to avoid the inclusion of air holes.
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Contact pads opened
by laser ablation
Photodetector
chip
(a) Releasing a PI-2611 embedded pho-
todetector after opening contact pads.
(b) Released photodetector package with dedi-
cated “butterfly” contact fan-out design.
Figure 4.22 – Result of the PI-2611 embedding process flow.
• The sample should be exposed to the highest processing temperature, typi-
cally during glue curing, before applying the chip covering layer.
4.5.3 Characterization
The electrical and optical characterization results are similar to the SU-8 based
process flow results and are therefore not repeated in this section.
In Figure 4.23, a cross-sectional investigation of a PI-2611 embedded single-mode
VCSEL is shown. Figure 4.23a is showing the areas which are investigated in
more detail in Figures 4.23b-4.23e. A good step coverage of the different layers
stacked on the optoelectronic chip can be observed. The electrical top contacting
interface does not show any delamination. In the Scanning Electron Microscope
(SEM) images however, one can observe a few potential inclusions of air holes in
the electrically conductive adhesive layer.
Figure 4.24 is showing an embedded chip with a thickness of only 10 µm. Because
of increasing mechanical stresses, the chip itself starts to bend hindering a proper
layer build-up of the polymer package.
4.5.4 Reliability
Thinning and embedding unpackaged (opto)electronic chips in ultra-thin pack-
ages with a guaranteed performance level is a huge challenge. The well estab-
lished traditional packages and according reliability standards do not apply and
especially the combination with polymers can be an issue. Moisture can slowly
penetrate the system, causing oxidation of galvanic interconnects and swelling
of polymer material, resulting in stresses and - in the end - defects. The best
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Figure (e) 
Figure (b) – (d) 
(a) Overview microscope image.
42 μm 
3.1 μm 
3.5 μm 
20 μm 
6.6 μm 
(b) Edge of the chip and PI/Cu step coverage
(back illumination).
(c) Edge of the chip and PI/Cu step
coverage (dark field image).
(d) SEM image - potential
air hole inclusion.
(e) SEM image - detailed view on microvia
and top metalization.
Figure 4.23 – Cross-section of a PI-2611 embedded VCSEL.
Figure (e)  
Figure (b) – (d)  
10 μm 
30 μm 
Figure 4.24 – 30 µm chip package with an embedded 10 µm VCSEL.
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way to estimate the life time of a system is to put it through accelerated aging
tests. Therefore, initial reliability 85/85 (temperature-humidity) tests have been
performed on 10 single-mode 850 nm VCSELs embedded in a PI-2611 stack. The
samples were stored for 1000 h in a climate chamber under controlled temper-
ature and humidity conditions. The selected temperature/humidity profile con-
sisted of the well-known 85 ◦C/85 % RH parameters. Each time before measuring
the electrical and optical characteristics, the environmental conditions are gradu-
ally changed to 30 ◦C/30 % RH for 30 min.
The results are shown in Figure 4.25. During the first 500 hour, the electrical DC
impedance (VVCSEL/IVCSEL @ IVCSEL = 6 mA) and optical power is monitored
each 50 h. Between 500 h and 1000 h, the measurement interval is changed to
100 h. After 500 h, the packages are consequently exposed for the first time to
an uninterrupted period of 100 h at 85° and 85 % RH. This can explain the unex-
pected drop of optical power (extra loss of 0.36 dB) at t = 600 h. Another observa-
tion is the gradual increase of the electrical impedance, which is less pronounced
towards the end of the reliability measurements. All optical and electrical mea-
surements are however within a 10 % range indicating that the effect of acceler-
ated aging might be limited.
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Figure 4.25 – 85/85 reliability test performed on embedded 850 nm single-mode VCSELs
monitoring both electrical and optical properties. All measurements are performed using
a DC driving VCSEL current, IVCSEL = 6 mA.
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4.6 Conclusion
Within this chapter, a polymer integration technology is developed to integrate
laser and detector chips within polymer packages. The electrical interconnection
is provided through sputtered thin-film copper layers. As a polymer embedding
layer, different spin-on polyimide and epoxy materials are used. To limit the
thickness of the total chip package, individual optoelectronic chips are thinned
down to 20 µm and, if necessary, back-contacts are reapplied and alloyed. The
result is an ultra-thin optoelectronic chip package incorporating single- or multi-
mode sources or detectors in the 850 nm or 1550 nm wavelength range. This me-
chanically flexible optoelectronic package has a typical thickness of only 40 µm.
Furthermore, the packaging approach based on a PI-2525/SU-8 or PI-2611 em-
bedding stack was shown to have a limited influence on the operation of the
devices.
From an embedding point of view, the GaAs 850 nm components are preferred
over the InP 1550 nm components, because of a more robust substrate material in
terms of handling and thinning. In terms of cost, beam divergence, optical power
generation and electrical power consumption, the VCSEL components turned out
to be the ideal candidates as a driving source for the fiber sensing systems.
Applying this integration technology using SM VCSELs and PDs on fiber sensing
applications, the interrogation system will be based on the electrothermal red-
shift observed in the VCSEL wavelength when varying the driving current. A
typical wavelength range of 3 nm can be covered using the embedded VCSELs.
This is offering only limited possibilities to exploit the multiplexing features of
optical fiber sensors, but provides a cost-effective and highly accurate way to
read out the optical sensors. Moreover, using this ultra-thin integration tech-
nology enables the fabrication of fully embedded interrogation systems with an
unprecedented degree of miniaturization.
A fiber sensing system based on the integrated optoelectronic components as well
as a detailed discussion on the interrogation principles is included in Chapter 6.
But before doing so, the final technology chapter is describing the coupling of the
integrated optoelectronic components and optical fiber(s) (sensors).
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Coupling integrated optoelectronic
components
The embedding technology and the characterization of embedded fiber sensors and opto-
electronics have been described extensively in previous chapters. To combine several of
these building blocks into a functional sensing system, a dedicated coupling technology
is needed to integrate the optoelectronic driving and read-out units combined with the
sensor structures. This technology should provide a low-loss, robust, small, skin compat-
ible (i.e. enabling embedding in thin planar sensing skins), low-cost solution for coupling
single and multimode optoelectronic sources to optical waveguiding (typically fiber sens-
ing) structures. A generic compact coupling technology accommodating these needs is
developed within this chapter.
5.1 Introduction
Laser diode packages can generally be divided in three categories: butterfly, TO-
can (coaxial) and dual in-line. The common configuration for laser diode trans-
mitters in optical communications is the butterfly configuration. Most of the cost
of these modules is due to the process of packaging, which includes the coupling
of the laser diode to an optical (single-mode or multimode) fiber via certain opti-
cal coupling schemes and the firm attachment of all components at their optimum
positions inside the module [1].
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A rather outdated but still very relevant statistic [2] shows that the commercial
market for optical telecommunication components had reached $5 billion in 2001.
And more importantly, about 60 % to 80 % of the manufacturing cost of these
components comprises fiber pigtailing and packaging (see Figure 5.1). A major
portion of the packaging cost is associated with active alignment and attachment
of chip-to-chip and single-mode fibers to chips. Active alignment involves light-
ing up input fibers and active components and maximizing light throughput be-
fore attachment. It is clear that the coupling scheme and resulting fiber pigtailing
technology are of major importance and have to be chosen judiciously.
Presented at Optoelectronics Packaging and MOEMS Topical Workshop, IMAPS, Bethlehem, PA 2002 
 
Figure 1. Packaging as a fraction of total manufacture cost of an optical     
                modulator. 
 
 
 
2.0 Introduction to LIGA 
 
The LIGA process was developed in Germany at the Institute fo r Nuclear Engineering 
(IMT)). LIGA is an acronym for the main steps of the process,  i.e., deep X-ray 
lithography, electroforming, and pl astic molding. Thes e three steps make it possible to 
mass-produce micro-components with sub-micron features and large aspect ratios at a 
low-cost. We will only give a brief description here since the process is well documented 
in the liter ature (Becker,  1986; Lorenz et al., 1997; C hang and Kim, 2000). Figure 2 
shows the main steps in the LIGA process schematically. 
 
Deep X-ray lithography allows structures of any lateral design with high aspect ratios to 
be produced, i.e., with heights of up to 3 m m and a la teral resolution down t o 0.2 µm. 
The walls  of these struct ures are smooth and parallel to each other . The ver y 
sophisticated structures of this type can be pr oduced lithographically only by  the highly  
penetrating, intense, and parallel X-rays suppl ied by a synchrotron. The structural 
information is compiled by means of a CAD system and then stored on a mask meeting  
the special requirements of har d X-radiation. Synchrotron r adiation is  used to transfer 
the lateral structural information into a pl astics layer, normally polymethylmethacrylate 
(PMMA), by "shadowing." Expos ure to radiation (step 1) modifies the plastic material in 
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Figure 5.1 – Packaging as a fraction of the total manufacture cost of an optical modulator
during the millennium transition.
Within this chapter, a generic compact fiber coupling technology is developed.
The specific application which is driving this technology is an optical fiber sens-
ing system, fabricated as flat and small as possible enabling embedding in thin
optical skins. The coupling technology will therefore be used to deliver inte-
grated and skin-compliant fiber-coupled op o lectronic components. Like the
embedding host material, the material used in the coupling scheme is preferably
a (biocompatible) polymer. Th coupling scheme itself is based on existing con-
figurations using V-groove technologies, micro-mirrors and intermediate wave-
guides but combined to yield a fiber-coupled ultra-thin ackage. This chapter
includes design, modeling and fabric tion of the coupling technology, as well as
evaluation of the alignment accuracy.
Throughout this chapter, several technology choices have to be made to nar-
row down the options bo h i term of the ptoelectronic components and the
coupling technology. Starting from the conclusions of Chapter 4, only SLEDs
and VCSELs are withheld as optoelectronic driving sources in Section 5.2. In Sec-
tion 5.3, a VCSEL is selected as the final optoelectronic source and initial coupling
simulations prove a direct coupling approach to be more efficient compared to an
integrated intermediate waveguide approach. Finally, in Sections 5.4-5.6, a ded-
icated planar coupling technology for single-mode VCSELs is developed. The
i
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structure of this chapter is schematically shown in Figure 5.2.
OE component 
selection 
Coupling 
technology 
SLED or 
VCSEL 
VCSEL Single-mode 
VCSEL 
Direct butt 
coupling 
skin compatible 
45° micromirror 
5.2 5.3 5.4 5.5 5.6 Section 
1st gen. 2nd gen. 
Figure 5.2 – Technology choices within Chapter 5.
The optical simulations (Lumerical and ASAP) performed within this chapter
were defined in close collaboration with and carried out by B-Phot, VUB within
the framework of the European project Phosfos [3]. It is also important to men-
tion that, although the coupling medium is different (waveguides versus fibers),
the coupling concepts and associated technologies are strongly inspired by the
work of dr. Erwin Bosman. Within his PhD dissertation [4] (Chapter 7, and more
specifically Sections 7.4.2 and 7.5), a polyimide based 90° optical mirror insert
for flexible polymer optical interconnects was developed based on a dedicated
45° clamping tool to lap and polish mirror facets. For the final (VCSEL-fiber-PD)
coupling schemes in this dissertation, a similar clamping tool is used albeit with
different materials and processing steps.
5.2 Optoelectronic component selection
Before fiber pigtailing, the optoelectronic components are packaged by em-
bedding them in ultra-thin optical packages. Several types of semiconductor
lasers were looked into, both in the 850 nm and 1550 nm wavelength range. An
overview of the optoelectronic components (bare die), available for embedding
and coupling, is again provided and combined with the conclusions from Chap-
ter 4 in Table 5.1.
All optoelectronic sources have a different lay-out, wavelength, emitting direc-
tion/angle, degree of polarization and modal structure. For the fiber coupling
work, a selection of the most promising source(s) was consequently imposed. As
discussed in Chapter 4, the Roithner LED and LD suffer from several disadvan-
tages (high beam divergence, modal structure not compatible with fiber sensors).
They will therefore not be included in the coupling simulations and technology.
Furthermore, embedding the Exalos SLED source revealed several technology
challenges (limited heatsinking for a driving current of 300 mA, optical feedback)
i
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Table 5.1 – Overview of the available (bare die) optoelectronic sources.
edge-emitting top-emitting
LD SLED LED VCSEL VCSEL VCSEL
Company Roithner Exalos Roithner BeamExpress ULMPhotonics
ULM
Photonics
Reference [5] [6] [5] [7] [8] [8]
Price/die e 10 e 250 e 2 e 50 e 11 e 6
λcentral 1550 nm
850 nm
1550 nm 1550 nm 1550 nm 850 nm 850 nm
Modes SM/MM SM MM SM SM MM
Poptical, total 6 mW
10.5 mW
20 mW 2.5-5 mW 1.2 mW 2.5 mW 1.5 mW
Bandwidth 3-5 nm 50 nm65 nm 130 nm 0.15 nm 0.1 nm 0.3 nm
Chapter 4
remarks
Modal
structure
problem
Optimized
thermal
design
indispensable
Integrated
coupling
not feasible
Brittle
substrate
Back-
contact
Chapter 4
conclusion
and moreover, the SLED is an expensive chip to start from. Because of its broad
spectral range and associated fiber sensor multiplexing possibilities, the SLED
will nevertheless be included in the coupling simulation models. Alternatively,
the Vertical-Cavity Surface-Emitting Laser (VCSEL) sources offer a cost-effective,
single-mode alternative with a limited beam angle divergence. Furthermore,
the electrothermal red shifting of the VCSEL wavelength can be used to track
fiber Bragg grating sensors (elaborated in Chapter 6). Therefore the top-emitting
VCSELs are chosen as the main component throughout this chapter, to describe
the coupling technology. Main disadvantages of these components are the wave-
length variation from chip-to-chip (up to a few nm), restricting the use of fiber
Bragg gratings with fixed wavelengths, and the limited fiber sensor multiplexing
possibilities because of the tuning range comprising only a few nm.
i
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5.3 Intermediate waveguides vs. direct butt coupling
Initial coupling simulations were performed to determine the feasibility of differ-
ent technological possibilities to couple the packaged optoelectronic sources to
optical fibers. These initial simulations do not yet include the flexible optoelec-
tronic package but are based on the unpackaged chip characteristics and the most
generally used optical fiber, silica single-mode (SMF-28).
Two general coupling structures have been investigated:
• An intermediate waveguiding structure to couple the source to a silica
single-mode fiber.
• Direct butt coupling of the optical source to a silica single-mode fiber.
5.3.1 SLED coupling
The first candidate source we consider is the Exalos SLED chip (λcentral =
1550 nm). The far field Full Width at Half Maximum (FWHM) divergence angles
of the Exalos SLED are respectively θ‖ = 46° and θ⊥ = 22°. Given these large
divergence, coupling to a single-mode fiber is not straightforward (NA of a silica
SMF is typically between 0.12 and 0.14). The initially proposed coupling struc-
ture consists of an intermediate tapered waveguide, as illustrated in Figure 5.3,
to avoid damaging the SLED facet when directly coupling to SMF and to ease the
coupling procedure through increased coupling alignment tolerances.
Figure 5.3 – Schematic view of an intermediate tapered waveguide as a coupling structure
between the SMF (left) and the SLED (right), mounted on a carrier and embedded in a host
material.
i
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Tapered waveguide
To calculate the waveguide modes of the tapered waveguide, Lumerical MODE
Solutions [9] was used. Before optimizing the taper shape, we investigate the
coupling of the SLED to the tapered waveguide. From practical considerations,
the large end of the waveguide (at the interface with the SLED) is targeted to be
34 µm x 8 µm. The former is chosen in view of providing some tolerance during
the packaging and fiber pigtailing, whereas the latter (the 8 µm height) is cho-
sen in correspondence to the core size of the SMF. The tapered waveguide would
be fabricated in LightLink XP-6701A, a polymer optical core material with a re-
fractive index of 1.506, surrounded by LightLink XP-5202A, a polymer optical
cladding with a refractive index of 1.481 (both at a wavelength of 1550 nm, NA =
0.27) [10, 11]. To generate the beam emitted by the SLED, we suppose that it emits
a Gaussian beam. Because Lumerical MODE Solutions does not allow the defini-
tion of asymmetrical Gaussian beams, we generate two separate Gaussian beams,
where the first one has a divergence of 46° and the second one has a divergence
of 22°. For both these beams, the coupling transfer to the simulated mode profile
of the tapered waveguide was calculated by evaluating the overlap integral.
The resulting coupling efficiencies are given in Table 5.2. The effective coupling
efficiency between the SLED and the waveguide, taking into account the SLED
beam asymmetry, will be in between both simulated coupling efficiencies. None-
theless, we notice that the achievable coupling efficiency is very low, especially
in view of the fact that the coupling from the waveguide to the SMF will induce
additional losses.
Table 5.2 – Calculated coupling efficiency between the SLED and the tapered waveguide.
Divergence Overlap Coupling loss
46° 2.17 % −16.64 dB
22° 10.24 % −9.90 dB
Direct butt coupling
Given the very low efficiencies in Table 5.2, the direct coupling of the SLED to
an SMF, without the use of an intermediate waveguide, is also investigated. A
standard SMF-28 with a 4.15 µm radius GeO2-doped core to calculate the SMF’s
fundamental mode [12] is used. The resulting coupling efficiencies between the
SLED and the SMF are given in Table 5.3.
Given the relatively large difference in-coupling efficiency in Table 5.3, further
simulations are performed in the Advanced System Analysis Program (ASAP)
i
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Table 5.3 – Calculated coupling efficiency between the SLED and the directly coupled SMF.
Divergence Overlap Coupling loss
46° 4.89 % −13.11 dB
22° 22.70 % −6.44 dB
by Breault Inc. [13], which allows the definition of asymmetric Gaussian beams
(as opposed to Lumerical MODE Solutions). The coupling efficiency resulting
from the overlap integral is 14.7 % or −8.33 dB, which indeed lies in between the
values calculated in Table 5.3.
At least as important as the maximum achievable coupling efficiency is the tol-
erance for mechanical misalignments during the assembly (packaging) process.
To evaluate the lateral misalignment tolerance, the SMF mode profile is shifted
along the X- and Y-axis respectively, and the coupling efficiency at each position
is calculated. The results of these simulations show a −1 dB lateral alignment
tolerance of +/- 1.5 µm along both axes.
Because the maximum achievable coupling efficiency is still rather low, the pos-
sibility of using lensed single-mode fibers instead of normal SMF is investigated.
Lensed fibers are commercially available with various mode field diameters.
Therefore, the coupling efficiency between SLED and lensed SMF is calculated as
a function of the Mode Field Diameter (MFD) of the lensed fiber. The results are
shown in Figure 5.4a. This graph clearly shows that using a lensed fiber allows
improving the coupling efficiency when the SLED and lensed SMF are perfectly
aligned. However, as mentioned earlier, the tolerance for misalignments should
again be taken into account.
We select two different lensed fibers to perform this tolerancing analysis, with
a mode field diameter of respectively 2.2 µm and 5.6 µm. From the tolerancing
simulations for the lensed SMF with MFD = 2.2 µm, the −1 dB tolerance for lat-
eral misalignments can be determined to be +/- 0.6 µm in X and +/- 0.5 µm in
Y. This illustrates that in comparison to the standard SMF, the lensed SMF with
MFD = 2.2 µm allows achieving a much higher coupling efficiency (87.35 % ver-
sus 14.7 %), but at the expense of a tighter alignment tolerance (+/- 0.5 µm versus
+/- 1.5 µm), hence requiring a higher alignment accuracy during the packaging.
The tolerancing simulations for the lensed SMF with MFD = 5.6 µm yield a−1 dB
alignment tolerance of +/- 1.1 µm in X and +/- 1.0 µm in Y. Whereas the align-
ment tolerance is more relaxed for this lensed SMF than for the previous one,
the maximum achievable coupling efficiency is also lower (40.52 % in this case).
When using a lensed SMF for the coupling to the SLED, it is clear that one should
take the trade-off between maximum coupling efficiency and tolerance for mis-
alignments into account. Figure 5.4b shows a graphical comparison between the
i
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lateral misalignment tolerance in Y for standard SMF, and the two previously
selected lensed SMFs.
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Figure 5.4 – SLED direct butt coupling results. Note that unlensed (standard) SMF-28 has
a mode field radius of 5.2 µm.
5.3.2 VCSEL coupling
The second optoelectronic source we look into is the BeamExpress VCSEL
(λ = 1550 nm). The main advantage of this source is the small divergence an-
gle (θ‖ = 9° and θ⊥ = 9° FWHM) compared to the superluminescent LED. The
fundamental mode profile of this source is again simulated as a Gaussian beam.
The coupling efficiency between the BeamExpress VCSEL and standard SMF is
89.13 % or −0.5 dB at the optimal position. The variation of the coupling effi-
ciency as a function of the MFD of the receiving fiber is also calculated. For
a lensed fiber with MFD = 2.2 µm and MFD = 5.6 µm, the coupling efficiency
changes to respectively 28.18 % and 93.33 %.
A tolerance analysis is again performed on coupling with an unlensed SMF-28,
a lensed SMF with MFD = 2.2 µm and a lensed SMF with MFD = 5.6 µm. The
−1 dB tolerances for lateral misalignments are listed in Table 5.4. The practical
implementation of the aligning and coupling process will be done using a Dr.
Tresky T3200 semi-automatic bonder. An alignment accuracy less than 3 µm can
be achieved using this bonder. Monitoring the optical power during alignment of
the optical fiber(s) (active coupling) can further enhance the alignment accuracies
likely achievable.
i
i
“BVH˙book” — 2013/10/24 — 10:07 — page 165 — #207 i
i
i
i
i
i
5.3 Intermediate waveguides vs. direct butt coupling 165
Table 5.4 – Coupling efficiencies and aligning tolerances for VCSEL coupling.
Fiber type MFD Couplingefficiency
1 dB tolerance
(X)
1 dB tolerance
(Y)
Unlensed (SMF-28) 10.4 µm 89.1 % +/- 2.2 µm +/- 2.2 µm
Lensed 5.6 µm 93.3 % +/- 1.6 µm +/- 1.6 µm
Lensed 2.2 µm 28.2 % +/- 1.3 µm +/- 1.3 µm
The conclusion here is different from the previous optoelectronic component. The
coupling efficiency is already high for the unlensed single-mode fiber. In combi-
nation with the best results for the alignment tolerances, the unlensed fiber is the
best option to couple with in this case. A lensed fiber with a MFD of 5.6 µm max-
imizes the absolute coupling but the overall result will be worse because of the
lower alignment tolerances. A lensed fiber with a MFD of 2.2 µm yields the worst
results both on coupling efficiency and alignment tolerances.
5.3.3 Conclusion
Simulations for the intermediate waveguide approach, using a tapered wave-
guide and an SLED, indicate high coupling losses introduced by the mode field
diameter mismatch of the optical source and the waveguide. The alternative, us-
ing direct butt coupling of the optical fiber, still provides quite low coupling effi-
ciency (less than 15 %) for the SLED. A solution can be the introduction of lensed
fibers providing a good mode field diameter match and yielding coupling effi-
ciencies of 80 % and more. For the long wavelength VCSEL, direct coupling to an
unlensed fiber results in high coupling efficiencies (89 %). It is important to note
that the above-mentioned VCSEL simulations, performed for 1550 nm VCSELs,
also apply as indicative coupling results for the 850 nm VCSELs as the beam di-
vergence angles are in the same order of magnitude.
Because of the higher coupling efficiencies in combination with better alignment
tolerances - especially for the standard unlensed SMF, cheaper components, pos-
sibility to fabricate simple fiber sensor interrogation systems (based on thermal
wavelength shifting, see Chapter 2, Section 2.2.1), the VCSEL component is se-
lected as a final optoelectronic source for the remainder of this chapter. Fiber
coupling is performed based on a direct butt coupling scheme, without the use
of an intermediate waveguide structure.
i
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5.4 VCSEL wavelength and modal structure
To further limit the selection of eligible optoelectronic components, we turn our
focus to the requirements for VCSELs as fiber sensing interrogation units.
5.4.1 VCSEL requirements
Using the embedded VCSELs from Chapter 4, the fully embedded (using inte-
grated VCSELs and detectors) fiber sensing system can be used in two variants
to interrogate fiber Bragg gratings:
• On-off peak detecting interrogation scheme (constant current mode). In this
interrogation scheme, the VCSEL is driven at a fixed DC current and the
optical power on the integrated photodetector is monitored as a function
of time. Each time the Bragg grating is coinciding with the VCSEL spec-
tral peak, a maximum will be detected in the photocurrent through the
integrated photodetector. This current is then a measure of the degree of
overlap of the VCSEL spectrum and the Bragg grating spectrum. This in-
terrogation scheme can for example be used for respiration monitoring.
• Full reconstruction of the Bragg grating shape (modulation mode). In this
interrogation scheme, the VCSEL is driven at a modulated (for example a
sawtooth) current at a certain frequency, f. The photocurrent is read out
continuously and each 1/f seconds a plot of intensity versus current can be
extracted to show the intensity of the power, transmitted or reflected by the
Bragg grating, versus the wavelength. This interrogation scheme is fully
exploiting the embedded system possibilities and provides a low-cost high-
speed (upper bound is determined by the red-shift dynamics of the VCSEL
driving unit) read-out.
It is clear that, regardless of the interrogation scheme which is used, the FWHM
of the VCSEL should be as narrow as possible and ideally there should be only
one spectral peak. The intensity versus wavelength of the VCSEL has therefore
preferably a Gaussian profile:
IVCSEL =
Ptotal
a
√
pi
e−(λ−λcentral)
2/a2
• IVCSEL is the VCSEL intensity profile.
• Ptotal is the total power emitted by the VCSEL.
• a is linked to the FWHM: FWHM = 2 a
√
ln(2)
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• λcentral is the VCSEL central emitting wavelength.
• The value of a should be as small as possible:
lim
a→0
IVCSEL = Ptotal δ(λ− λcentral)
The smaller a, the higher the resolution of the spectral analysis will be.
The technology developed in this chapter is applied for 850 nm devices. This
850 nm route was given priority over the 1550 nm route because of a higher com-
ponent workability in terms of temperature budget, robustness and cost. Without
going into details, the 1550 nm devices typically involve the use of InP as a more
fragile substrate material imposing more restrictions [14]. When interrogating
polymer or plastic optical fiber or waveguide sensors, 850 nm is also the preferred
wavelength because of significantly lower propagation losses (see Section 2.3). A
drawback however is related to the strain sensitivity of Bragg gratings in silica
and polymer fibers at 850 nm, which is lower than at 1550 nm [15, 16].
A key parameter is the modal structure of the driving optoelectronic source. Both
a multimode and single-mode variant of the 850 nm VCSEL are available. The
far-field beam profile of these devices for several driving currents is measured
with a goniometric radiometer, available at B-Phot (VUB). The results are shown
in Figure 5.5 and 5.6. We conclude that the multimode VCSEL is not suited for
fiber sensing as the modal structure varies as function of the driving current.
A comparison of the spectral output of the multimode and single-mode VCSEL
using a driving current of 5 mA is shown in Figure 5.7. At the detector side,
it is impossible to distinguish between an extra peak in the multimode VCSEL
spectrum and a shifted Bragg grating peak.
5.4.2 Conclusion
When selecting a VCSEL to be integrated with a fiber sensor element, wavelength
and modal compatibility of the laser source and Bragg grating sensor is crucial.
From an embedding point of view, the 850 nm laser source offers the most re-
liable, robust and cost-effective driving optoelectronic element. Therefore, the
850 nm single-mode VCSEL component from ULM Photonics [8] (Table 5.1) is
selected as the final optoelectronic source.
The remainder of this chapter focuses on the coupling of integrated VCSEL com-
ponents to optical fiber sensors. The general coupling approach consists of a
500 µm thick micromirror coupling plug including different types of silica single-
mode (5 to 6 µm diameter at 850 nm, 9 µm at 1550 nm) or multimode (50 µm di-
ameter) optical fiber and a 45° micromirror facet enabling 90° deflection of the
light from a VCSEL into a fiber. This coupling scheme results in a thin, planar
coupling module which can be integrated in flexible and stretchable sensing foils
of 1 mm thickness.
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(a) 1 mA (b) 2 mA (c) 5 mA (d) 10 mA
Corresponding .grd files: 
- T:\CMST internal 
organization\Optical\Technology\o
ptomodule\Beam profile 
measurements (MULTIMODE) 
- P:\Fp7\Phosfos\technical\850 sm 
embedding\Run started August 
10th 2010\Beam profile 
measurements (SINGLE MODE) 
Figure 5.5 – 3D far-field radiation pattern for a multimode 850 nm VCSEL.
(a) 1 mA (b) 2 mA (c) 3 mA (d) 5 mA
Corresponding .grd files: 
- T:\CMST internal 
organization\Optical\Technology\o
ptomodule\Beam profile 
measurements (MULTIMODE) 
- P:\Fp7\Phosfos\technical\850 sm 
embedding\Run started August 
10th 2010\Beam profile 
measurements (SINGLE MODE) 
Figure 5.6 – 3D far-field radiation pattern for a single-mode 850 nm VCSEL.
5.5 VCSEL-fiber coupling scheme: initial design
Starting from simulations in ASAP (Advanced Systems Analysis Program), dif-
ferent coupling structures are now looked into in detail and theoretical upper
limits for the coupling efficiencies are calculated. Similar coupling schemes can
be used for integrated photodetectors. The active emitting area of a VCSEL typi-
cally has a 9 µm diameter whereas the active area of the photodetector is 100 µm
in diameter. Alignment tolerances are consequently less restrictive for the pho-
todetector. Further detailed simulations are consequently only carried out for the
source to fiber coupling problem.
To come up with a skin compatible fiber coupling scheme, a planar (flat), thin
and integrated fiber in- and out-coupling technique is required. The coupling
scheme therefore consists of a PMMA plug (500 µm thickness) with a U- or V-
i
i
“BVH˙book” — 2013/10/24 — 10:07 — page 169 — #211 i
i
i
i
i
i
5.5 VCSEL-fiber coupling scheme: initial design 169
849 850 851 852 853 854 855 856
−60
−50
−40
−30
−20
−10
In
te
ns
it
y 
[d
B
m
]
Wavelength [nm]
 
 
Multimode VCSEL
Single−mode VCSEL
Figure 5.7 – Spectral output comparison of a multimode and single-mode VCSEL
(Idriving = 5 mA).
groove track to clamp the fiber (Figure 5.8). A 45° mirror facet can be introduced
on the PMMA plug by using a dedicated 45° clamping master tool and different
lapping/polishing techniques. The reflecting layer is applied by evaporating a
thin (few 100 nm) layer of gold. A cleaved fiber can then be inserted in the groove
and fixed with an index-matched UV glue. When the coupling plug is mounted
on top of the VCSEL package, the vertically emitted light is reflected on the gold
surface through the coupling plug in the optical fiber.
The base material of the fiber coupling plug is polymethyl methacrylate (PMMA).
This transparent and low-cost polymer material is compatible with flexible and
stretchable skin embedding materials and offers several advantages for fixing and
aligning optical fibers. The choice of a transparent material such as PMMA in-
stead of polyimide (used for the micromirrors in [4]) reduces the optical losses
introduced by the optical path through the coupling plug material.
5.5.1 Simulations in ASAP
To validate this initial coupling scheme model, simulations have been performed
in Advanced Systems Analysis Program (ASAP). Following parameters were
simulated:
• Lateral misalignment losses
i
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(a) Top side (U-/V-groove ablation).
X
Z
Y
(b) Backside (metalized).
(c) Cross-section of the top side view, metalization on bottom.
Figure 5.8 – Schematic view of the initial coupling scheme.
• Longitudinal misalignment losses
• Influence of the fiber type (single-mode versus multimode)
• Influence of the VCSEL driving current
• Influence of the thickness of the chip covering layer (as part of the optoelec-
tronic chip package)
• Influence of the optical package top polyimide layer (as part of the opto-
electronic chip package)
The embedded optoelectronic component is the single-mode 850 nm VCSEL from
ULM Photonics (Table 5.1). Beam profiles of the bare VCSEL dies and the embed-
ded VCSEL dies have been measured using a far-field profiler. An example of the
far-field intensity of a bare die VCSEL was shown in Figure 5.6.
Based on the information provided by the goniometric radiometer (beam profile,
source divergence), the lateral and longitudinal misalignment losses are simu-
lated and the results are shown in Figure 5.9. The applied simulation parameters
are listed in Table 5.5, case “Fiber detector 1”. The longitudinal direction (Y) is
oriented along the fiber axis. The lateral misalignments are located perpendicular
to the fiber axis (X and Z). To achieve a total loss in multimode fiber below 1 dB,
an alignment accuracy of 5 µm is needed. During assembly of the fiber coupling
plug, a theoretical alignment accuracy below 3 µm is achievable using the Dr.
Tresky T3200 semi-automatic bonder.
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Figure 5.9 – Misalignment losses for the 1st coupling scheme using a MM 50 µm fiber.
Table 5.5 – Simulation parameters initial coupling scheme, multimode and single-mode
fiber detector.
Simulation parameter Value
Fiber detector 1 50 µm multimode fiber
NA = 0.2
Fiber detector 2 9 µm single-mode fiber
NA = 0.13
Goniometric radiometer input Non-embedded bare die
VCSEL, I = 1 mA
Fiber - PMMA interface NOA 81
VCSEL package - coupling plug interface NOA 81
Optoelectronic package SU-8 based
↪→ Top SU-8 layer thickness 18 µm
↪→ Top SU-8 layer refractive index 1.593
↪→ Top PI layer thickness 10 µm
↪→ Top PI layer refractive index nx,ny = 1.678, nz = 1.664
The next simulation case is identical to the previous one, except for the fiber
detector which is now single-mode (full parameter list in Table 5.5, case “Fiber
detector 2”). Lateral and longitudinal alignment tolerances are shown in Fig-
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ure 5.10. The optical path is too long for efficient single-mode coupling: a mini-
mal coupling loss of 10 dB was obtained.
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Figure 5.10 – Misalignment losses for the 1st coupling scheme using a SM 9 µm fiber.
The top layer of the flexible OE package typically consists of a HD MicroSystems
PI-2525 or PI-2611 polyimide layer with a thickness up to 10 µm. The influence
of this layer for the multimode fiber coupling scheme in combination with higher
VCSEL driving currents is shown in Figure 5.11a assuming a perfect alignment of
the coupling plug and a 10 µm PI-2525 top covering layer. There is no significant
influence of the top PI layer and the coupling losses are increasing for higher driv-
ing currents because of the slight increase in beam divergence for higher driving
currents (Figure 5.6).
Another important parameter of the optoelectronic package is the thickness of
the polymer layer which is applied on top of the chip before via drilling and
top metalization. This chip covering layer can be SU-8 or PI-2611 (more details
and the full build-up of the package can be found in Chapter 4). The influence
on the coupling efficiency using an SU-8 chip covering layer, is shown in Fig-
ure 5.11b. This parameter only has a significant influence in the case of a single-
mode coupling fiber.
5.5.2 Experimental results
One of the assumptions of the simulation model is a perfectly smooth interface
in between the coupling fiber and the PMMA material (this interface can be an
i
i
“BVH˙book” — 2013/10/24 — 10:07 — page 173 — #215 i
i
i
i
i
i
5.5 VCSEL-fiber coupling scheme: initial design 173
1 2 3 4 5
−0.6
−0.5
−0.4
−0.3
−0.2
−0.1
C
ou
pl
in
g 
lo
ss
 [
dB
]
I
VCSEL
 [mA]
 
 
VCSEL with PI layer
VCSEL without PI layer
(a) Theoretical upper limit coupling loss (coupling
to multimode fiber): increasing VCSEL current
and influence of the optical package top PI layer.
5 10 15 20
−10
−8
−6
−4
−2
0
C
ou
pl
in
g 
lo
ss
 [
dB
]
SU−8 thickness [µm]
 
 
MM fiber, NA = 0.2
SM fiber, NA = 0.13
(b) Influence of the chip covering SU-8 layer thick-
ness on the coupling efficiencies.
Figure 5.11 – Influence of SU-8 and PI chip embedding material.
air gap or filled with index matching gel). A first step to fabricate these coupling
plugs is consequently the definition of a fiber clamping groove with low sidewall
roughness resulting in a smooth fiber-PMMA interface. A fast and easy approach
is the use of laser ablation to define structures in the PMMA material. Figure 5.12
shows the ablation rate of PMMA using a CO2 laser (λ = 10.6 µm). Useful abla-
tion depths are obtained starting from 4 J/cm2. After cross-section investigation,
following parameters are selected:
F = 12
J
cm2
N = 10 pulses
F is the fluence, N is the number of pulses. An example of such a fiber clamping
groove is shown in Figure 5.13 (cross-section view). The sidewall of these ablated
grooves is however too rough and not optically transparent. For obtaining high
quality optical structures, an rms roughness below λ/20 is required in theory. In
a practical situation, a surface roughness in the order of 20 nm (measured over a
50 µm x 50 µm area) or below is desired.
Alternative techniques to create V-grooves in optically transparent polymers such
as PMMA have also been looked into, for example Reactive Ion Etching (RIE) us-
ing O2 and CHF3 gas mixtures. The sidewall roughness can be accurately con-
trolled this way but the etching rate is below 1 µm/min leading to etching times
of a few hours. The quality of the hard mask for the RIE process is in this case very
i
i
“BVH˙book” — 2013/10/24 — 10:07 — page 174 — #216 i
i
i
i
i
i
174 Coupling integrated optoelectronic components
important. Because of the time-consuming and expensive process, an alternative
coupling scheme was developed as described in the next section.
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Figure 5.12 – Ablation rate of PMMA using a CO2 (10.6 µm) laser for different fluences.
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Figure 5.13 – Cross-section of CO2 ablated groove: 10 pulses @ 12 J/cm2.
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5.6 VCSEL-fiber coupling scheme: second design
The second version of the coupling scheme consists of the same coupling plug
but now the reflecting micromirror facet is applied directly on the coupling fiber.
This is schematically shown in Figure 5.14. The need for PMMA sidewalls of
optical quality is consequently avoided and the optical path is further reduced.
(a) Top side (U-/V-groove ablation).
X
Y
Z
(b) Backside (metalized).
(c) Cross-section of the top side view, metalization on bottom.
Figure 5.14 – Schematic view of the second coupling scheme.
5.6.1 Simulations in ASAP
Similar simulations as for the initially designed coupling scheme are now per-
formed for the second coupling scheme. Figure 5.15 shows the coupling losses
as a function of lateral and longitudinal mismatches for the multimode fiber
coupling scheme and Figure 5.16 shows the coupling losses for the single-mode
fiber coupling scheme. Comparing the results to the initial coupling scheme,
similar trends are visible. There is a significant difference however in the ab-
solute coupling losses; a comparison is shown in Table 5.6. The alignment toler-
ances in this table are referring to the alignment of the coupling plug (and not
to the fiber as such), consequently including the optical path length between
the source and the fiber (beam broadening). The second coupling scheme pro-
vides a higher alignment tolerance for the multimode coupling fiber and half the
coupling loss for single-mode fibers compared to the initial coupling scheme. The
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second coupling scheme is consequently more efficient, both in terms of fabrica-
tion and performance. The influence of other parameters (related to the chip
embedding layers) is also simulated indicating similar trends as in the initial
coupling scheme and are therefore not shown here.
Table 5.6 – First (initial) and second coupling scheme: comparison of coupling losses. 3 dB
tolerances are measured with respect to the minimal loss numbers (perfect alignment).
1st scheme 2nd scheme 1st scheme 2nd scheme
Fiber type Axis Min. loss Min. loss −3 dB tol. −3 dB tol.
50 µm core
MM fiber
Longit.
Lateral X
Lateral Z
0.3 dB
0.3 dB
0.3 dB
0.3 dB
0.3 dB
0.3 dB
 50 µm
18 µm
23 µm
 50 µm
21 µm
25 µm
9 µm core
SM fiber
Longit.
Lateral X
Lateral Z
10 dB
10 dB
10 dB
6.4 dB
6.4 dB
6.4 dB
> 50 µm
7 µm
13 µm
53 µm
5 µm
7 µm
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Figure 5.15 – Misalignment losses for the 2nd coupling scheme using a MM 50 µm fiber.
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Figure 5.16 – Misalignment losses for the 2nd coupling scheme using a SM 9 µm fiber.
5.6.2 Experimental results
Mirror plug fabrication
A similar laser process as for the first coupling plug is used to fabricate the fiber
alignment grooves. The technological manufacturing process for the coupling
plugs is schematically shown in Figure 5.17a-c; several PMMA plugs can be fab-
ricated in one laser ablation step.
After ablating fiber alignment grooves and fixing the coupling fibers in the
grooves using UV curable NOA 68 (referred to as glue layer 1), a lapping and pol-
ishing process (Figure 5.17e) is applied to obtain a 45° micromirror on the fiber
facet. This process consists of subsequent mechanical grinding and polishing
steps of the coupling plug. A dedicated PMMA coupling plug clamping tool is
used for this process, shown in Figure 5.18. In Figure 5.19, microscope images
are shown of the fiber facet after mechanical lapping (P1200 and P4000 grinding
foils) and after polishing with different grain size suspensions (1 µm diamond
and 0.3 µm alumina powder). The end result is a flat fiber facet of optical quality
with an average surface roughness of 23 nm on a 50 µm x 50 µm area, measured
with a non-contact optical profilometer (WYKO NT3300).
Because of the manual fixing of the fiber in the alignment groove, laser ablation
debris and glue residuals can be present on the fiber (at the back of the mirror
plug). This is clearly visible in Figure 5.20.
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(a) Starting from a PMMA substrate 
(b) Defining V-grooves by CO2 laser 
ablation 
(c) Placing and fixing the fiber in 
the groove using a glue 
(d) Fiber coupling plug ready for 
polishing process 
Cross sectional view Longitudinal view 
(e) Polishing under 45o and metalizing 
(Au coating) fiber facet 
(f) Active alignment of ultra-thin optical 
package and fiber with 45o micromirror  
Figure 5.17 – Overview fabrication process of the fiber micromirror (2nd coupling scheme).
guiding pin
screw45° clamping area
optical fiber
schematic view
Figure 5.18 – Clamping, lapping, polishing under 45°: dedicated tool.
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(a) P4000 grinding (b) 1 µm diamond
suspension
(c) 0.3 µm diluted alu-
mina powder
(d) After cleaning.
Figure 5.19 – 45° facet (microscope top view) of the fiber during mechanical lapping (a)
and polishing (b-c).
Multimode silica fiber core 
Figure 5.20 – Debris on the back of the micromirror fiber facet.
An Excimer laser cleaning step is consequently applied to clean the fiber light
out-coupling surface. Parameters for this cleaning step are depicted in Table 5.7.
The final step in the production of the fiber coupling plug is the deposition of a
thin (few 100 nm) reflective Au layer. Therefore the coupling plug is mounted
with the 45° facet facing upwards in the evaporation device.
Some examples of resulting mirror plugs are shown in Figure 5.21; a 635 nm red
laser is used to illuminate the optical fiber and show the optical path.
Coupling losses inherent to the fiber coupling plugs are measured using a com-
mercial laser diode at 850 nm and a Newport 818 series photodiode. A resulting
inherent coupling loss of maximum 1 dB (total insertion loss) is measured over
different samples indicating good fiber mirror quality comparable to state-of-the-
art mirror plugs.
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Table 5.7 – Laser ablation parameters to clean the fiber mirrors (back - light out-coupling -
side).
Parameter Value
Laser Excimer, λ = 248 nm
Projection mask 2000 µm x 2000 µm
Spot size 200 µm x 200 µm
Pulse energy 80 µJ
Pulse repetition frequency 100 Hz
Fluence 200 mJ/cm2
Stage translation speed 0.4 mm/s
Figure 5.21 – Final coupling plugs, ready for active alignment.
Mirror plug aligning
To maximize the fiber-coupled power, the alignment process of the coupling plug
is done actively. This implies a real-time monitoring of the optical power coupled
in the fiber during the alignment and fixing process. The alignment procedure is
shown in detail in Figure 5.22.
The coupling plug bonding is performed using a Dr. Tresky T3200 semi-
automatic bonder. First, the plug is aligned on top of the VCSEL package while
monitoring and maximizing the fiber-coupled power. The height between the
coupling plug and the embedded optoelectronic component is gradually reduced
and the optical power is continuously maximized by varying the position of the
Dr. Tresky vacuum chuck in X and Y. Then, a UV curable adhesive (NOA 68 or
81) is dispensed along the sides of the plug while the pressure of the bonding
chuck on the coupling plug is preserved. The adhesive (referred to as glue layer 2)
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Micromirror facet 
Active 
optoelectronic 
area 
Active component 
Figure 5.22 – Active alignment process of a coupling plug on an embedded optoelectronic
component with the Dr. Tresky T3200 semi-automatic bonder.
is underfilling the coupling plug and the curing is initiated during a short (typ-
ically 30 s) UV exposure. After this exposure, the bonding pressure is released.
Finally, a top sealing UV glue layer (again NOA 68 or 81) is applied covering all
the edges of the fiber coupling plug (referred to as glue layer 3). Full curing of
glue layer 2 and 3 is guaranteed by a long (typically 2 min) UV exposure step.
A similar technique is used to pigtail (i.e. fiber coupling using a short, usually
uncoated, optical fiber that mostly has an optical connector pre-installed at one
end) integrated photodetectors. For active alignment, the fiber coupling plug is
first connected to a fiber pigtailed VCSEL.
Examples of the resulting flexible optical packages based on PI-2525/SU-8 poly-
mer embedding layers, coupled to an optical fiber are shown in Figure 5.23. An
example of two ultra-thin (VCSEL and photodetector) packages based on a full
PI2626 embedding stack and coupled to the same optical fiber, is shown in Fig-
ure 5.24. Electrical interconnections are provided by simple wires. Depending on
the application and the potential need for further encapsulation, these wires can
easily be replaced by mechanically flexible connectors.
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Figure 5.23 – Ultra-thin flexible optical packages bonded to thin PMMA micromirror plugs
for fiber pigtailing.
(a) (b)
Figure 5.24 – Ultra-thin flexible optical packages bonded to thin PMMA micromirror
plugs.
Cross-sectional investigation
Cross-sectional investigation is performed on the final PI-2611 embedded and
fiber pigtailed components to gain insight into the real inner structure of the fiber-
coupled optoelectronic packages. In Figure 5.25, a cross-section at the level of the
VCSEL emitting area is shown. Figure 5.25a depicts a backlighted microscopic
view of the fiber-coupled optoelectronic chip package showing the fiber diam-
eter and core. In Figure 5.25b, the same view is shown with front light illumi-
nation. One can recognize the PMMA coupling plug material (1), coupling fiber
(2), cured glue layer (3), ultra-thin VCSEL chip (4) with the laser light emitting
area and the intermediate glue layer in between the chip package and silica fiber
(5). Figure 5.25c depicts a zoomed microscopic view at the same cross-sectional
location, showing the VCSEL top metalization layer (6), chip package Cu ground
layer acting as a heatsink and ground contact layer (7) and Isotropic (thermally
and electrically) Conductive Adhesive (ICA) (8). The thinned VCSEL chip has a
thickness of 20 µm and the total chip package thickness is 39 µm.
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fiber core
125 μm
(a) Back illumination.
1 3
VCSEL light 
emitting area 62.5 μm2
4
5
(b) Front illumination.
20 μm 39 μm
6
7 8
(c) Detailed view.
Figure 5.25 – Cross-section of a PI-2611 embedded and fiber pigtailed VCSEL: position 1.
1: PMMA coupling plug. 2: Coupling fiber. 3: Cured NOA glue layer. 4: Ultra-thin VCSEL
chip. 5: Glue layer between chip package and silica fiber. 6: VCSEL top metalization layer. 7: chip
package Cu ground layer. 8: Isotropic conductive adhesive.
In Figure 5.26, a cross-section at a second position beyond the VCSEL light emit-
ting area is shown. Figure 5.26a is again depicting the 45° metalized fiber facet.
The interface between the glue layer to fix the coupling plug at the maximum
optical power position (glue layer 2) and the top covering glue layer which is dis-
pensed afterwards (glue layer 3), is indicated. In Figure 5.26b, the edge side (oppo-
site end of the fiber coupling plug) of the fiber-coupled optoelectronic package is
shown. The different glue layers are again visible. Glue layer 1 is used to perform
the initial fixing process of the fiber in the PMMA V-groove. The protective coat-
ing from the fiber was therefore stripped along the length of the PMMA substrate.
The transition from the PMMA plug to the outside world is clearly visible at the
edge of glue layer 3, coinciding with the start of the fiber coating. Figures 5.26c
and 5.26d are showing a zoomed microscopic (front and backlight illumination)
view on the edge of the embedded chip. These figure are also depicting the good
PI-2611 step coverage of the VCSEL chip.
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glue layer 2 – 3 
interface
(a) 45° fiber facet on top of the VCSEL.
glue layer 3
oTC package
glue layer 1
glue layer 2
fiber coating end
(b) Rear of the pigtailed optoelectronic package.
glue layer 2
VCSEL
(c) Detailed view on the chip edge and poly-
imide step coverage (front illumination).
VCSEL
(d) Detailed view on the chip edge and polyimide step
coverage (back illumination).
Figure 5.26 – Cross-section of a PI-2611 embedded and fiber pigtailed VCSEL: position 2.
Characterization
The performance of the fiber-coupled VCSEL and PD packages is now inves-
tigated, both electrically and optically. It is important to mention that all the
coupling losses in this section include a fiber fusion splice and a certain fiber
length (up to several meters) to connect the coupling plug to an optical power
meter. After aligning, coupling and fixing of the micromirror, the pigtailed de-
vices are characterized by measuring the LI (W/A) or IL (A/W) curve. VCSEL
coupling results indicated a coupling loss of 2.8 dB after glue dispensing (single-
mode VCSEL, multimode silica fiber). Detailed coupling results are shown in
Figure 5.27a and 5.27b for the VCSELs (optical power in multimode and single-
mode coupling fiber) and Figure 5.27c for the PDs. “Total power” within Fig-
ure 5.27 is referring to the total power emitted by the VCSEL directly measured
with a calibrated Newport power detector. Comparing the graphs in Figure 5.27
to the simulated values in Table 5.6, an additional coupling loss of 2-2.5 dB on top
of the minimal coupling loss is obtained.
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(a) Fiber pigtailing single-mode embedded VCSELs to multimode coupling fibers.
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(c) Fiber pigtailing embedded PDs to multimode coupling fibers.
Figure 5.27 – Characterization of the fiber-coupled VCSEL and photodetector packages.
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The accumulated X-Y-Z alignment accuracies are therefore well within the 3 dB
tolerance values.
By making small adjustments to the coupling set-up (flatness of the sample,
roughness of the coupling plug, pressure applied to the coupling during glue
dispensing), the VCSEL coupling loss is further limited to 2 dB for the mul-
timode fiber case. Initial coupling tests using single-mode 1550 nm 9 µm and
850 nm 5.7 µm fibers indicated coupling losses around 8.5 dB for the first case
and an extra 4 dB for the second case (Figure 5.27b). These first results were
however obtained with the SU-8/PI-2525 optoelectronic packages with a chip
covering layer having a total thickness of 10 µm.
As mentioned before, integrated photodetectors are pigtailed using the same
technique as for the VCSELs. The alignment restrictions are less critical in
this case because the active area diameter is 100 µm (vs. 9 µm for the VCSEL).
Coupling losses are typically limited to 1 dB. An example response of a pigtailed
integrated photodetector is shown in Figure 5.27c. A slope of 0.425 A/W is found
for the pigtailed integrated photodetector (power in-fiber versus PD current)
whereas the slope of a bare die photodetector is 0.550 A/W [17]. This implies a
coupling loss of 1.1 dB in this case.
In Chapter 6, we will show a fully single-mode 850 nm fiber link with an overall
loss number of 7 dB including VCSEL and PD coupling. These low losses are ob-
tained using PI-2611 VCSEL and PD packages significantly reducing the optical
power losses. Optical spectrum analyzer measurements showing the electrother-
mal tuning characteristics of the embedded VCSELs and proving their potential
to drive fiber sensors were shown in Chapter 4. Similar measurements for the
fiber pigtailed devices will also be shown in Chapter 6 (Figure 6.11).
5.7 Advanced coupling schemes
The coupling technology which is described within this chapter is a generic tech-
nology and therefore not limited to single silica fibers.
5.7.1 VCSEL/PD array coupling
Similar coupling plugs have been fabricated to couple VCSEL or PD arrays to
single-mode or multimode optical fibers [18]. An example of such a coupling
plug is shown in Figure 5.28. In Figure 5.28a, a microscopic view is shown and
the black dots are indicating light in-coupling spots providing a rough estimation
of the fiber in-coupling positions. Figure 5.28b shows a detailed top view of the
coupling plug including the horizontal fiber spacing (250 µm) and the lower and
upper boundaries for the vertical fiber spacing (193 µm). The latter adds 16 µm to
the theoretical best case of
√
2·125 µm = 177 µm.
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(a) Microscopic view (bottom side
multiplexed coupling plug).
193 μm 250 μm 
(b) Detailed microscopic view (top side multi-
plexed coupling plug).
Figure 5.28 – Multiplexed multimode fiber coupling plug.
These plugs can for example be used to multiplex the coupling process to fiber
couple chip arrays of 4 multimode VCSELs to 4 multimode fibers. Typical spac-
ing between two VCSEL emitting areas on a single chip is indeed 250 µm [8]. Ini-
tial coupling tests provide coupling losses of 7 dB, averaged over 4 multiplexed
coupling fibers. Fine-tuning the fiber positioning in the V-groove channels can
decrease this loss number.
5.7.2 Specialty silica fiber
Alternatively, special silica fibers can be used, broadening the application domain
of this coupling technology to sensing platforms other than fiber Bragg gratings
or even extending the application domain to for example optical communication
systems. The fiber coupling technology can in this case provide an alternative for
the traditional fiber cleaving units typically having limited core diameter varia-
tion possibilities. Figure 5.29 shows two examples of straight polished facets on
unconventional silica fibers.
polishing clamp top side
polishing clamp bottom side
PMMA 500 m
(a) Large-core fiber.
90 m
(b) Multicore fiber.
Figure 5.29 – Polishing straight fiber facets on special silica fibers.
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5.7.3 Polymer fiber coupling
When targeting sensing applications based on fiber Bragg gratings, one is not
limited to the traditional silica fiber Bragg gratings. Polymer fiber sensors offer
many advantages over their silica counterparts such as a higher sensitivity, the
outlook towards inherent biocompatibility and potentially also a lower cost (see
Chapters 2 and 3). Because of their small core size (core diameter ≤ 50 µm), the
polymer fibers which are used to inscribe Bragg gratings are not straightforward
to make and to interconnect. Traditionally, a polymer fiber sensor is connected
through a silica fiber pigtail limiting the polymer fiber length and consequently
minimizing the optical losses. A special glue joint is then needed to couple the
silica fiber to the polymer fiber [19, 20]. This way, the commercially available
silica fiber connectors can be used and the need for special polymer fiber connec-
tors is avoided. Directly coupling a polymer fiber sensor could however radically
simplify the coupling process. The silica pigtail and the delicate silica-polymer
transition is avoided consequently limiting the losses and reducing the cost. This
will lead to an optical power budget which can be sufficient to have a fully em-
bedded fiber sensor system with integrated source and detector based on poly-
mer fiber sensors. In Figure 5.30, two examples are shown of 45° polished POF in
PMMA coupling plugs. Both the use of 1550 nm single-mode polymer fiber (Fig-
ure 5.30a) and 850 nm multimode microstructured polymer fiber (Figure 5.30b)
were successfully investigated. These are the same types of fibers used for the
polymer fiber embedding work (both planar and tubular) reported in Chapter 3.
(a) 1550 nm SM POF. (b) 850 nm MM microstructured
POF.
Figure 5.30 – Creating 45° micromirrors directly on polymer fiber sensors, avoiding a silica
fiber interface and consequently minimizing the optical losses.
i
i
“BVH˙book” — 2013/10/24 — 10:07 — page 189 — #231 i
i
i
i
i
i
5.7 Advanced coupling schemes 189
5.7.4 Polymer waveguide coupling
The next step towards the integration of optical sensing structures with integrated
read-out units in polymer materials is the use of Bragg gratings in polymer wave-
guides. This was discussed in detail in Chapter 2, Section 2.3.2. Using traditional
waveguide patterning techniques (lithography, embossing) and grating inscrip-
tion techniques similar to the polymer fiber sensors, polymer waveguide sensors
can indeed serve as an alternative for the polymer fiber sensors.
To increase the flexibility of the sensor structure even further and to add a de-
gree of stretchability to the sensor itself, it is possible to use polydimethylsiloxane
(PDMS) waveguides fabricated based on an embossing or micromolding in cap-
illaries (MIMIC) process. These fabrication technologies were investigated and
optimized within the PhD research of Jeroen Missinne [21] (Chapter 3, and more
specifically Sections 3.4 and 3.5). Coupling integrated sources and detectors to the
polymer waveguides can be done using similar 45° coupling plugs mounted on
the ultra-thin optoelectronic packages. Figure 5.31 shows an example of a poly-
mer stretchable waveguide with an integrated coupling plug providing direct
coupling of the VCSEL and PD to the polymer waveguide. More details on the
fabrication and characterization of the coupling technology applied on flexible
and stretchable waveguides can be found in [18, 22]. It is important to mention
that the stretchable polymer waveguides do not (yet) include Bragg grating struc-
tures. The application of the coupling process is limited to stretchable polymer
optical interconnects at this moment.
Flexible optoelectronic package
45° micromirror plug 
 
PDMS waveguides
Figure 5.31 – Array of 4 PDMS stretchable waveguides coupled to a flexible optoelectronic
package.
The fabrication of Bragg grating structures in flexible and stretchable polymer
waveguide structures will be further investigated within the IWT-SBO project
Self Sensing Composites, as discussed in Chapter 1, Section 1.8.
The coupling of integrated optoelectronic components with sensing structures
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in polymer waveguides, not limited to Bragg grating structures, will be further
developed within the scope of the PhD research of Sandeep Kalathimekkad.
5.8 Conclusion
In this chapter, an optical (fiber) coupling technology was designed, fabricated
and characterized. More specifically, a compact coupling technology to intercon-
nect ultra-thin optoelectronic packages and optical fiber sensors has been devel-
oped and optimized. Starting from a broad range of available optoelectronic com-
ponents, initial simulations were carried out to narrow the light sources selection
and to eliminate theoretically infeasible solutions. The resulting fiber-coupled
module consists of a single-mode 850 nm VCSEL and a direct butt-coupled sil-
ica fiber. A 45° micromirror facet is applied directly on the fiber end, minimiz-
ing the optical path length and simplifying the alignment procedure (“one-step
alignment”). This generic technology provides a robust and permanent coupling
structure between optoelectronic components (for example VCSELs, photodetec-
tors) and optical fiber sensors.
The coupling plug itself consists of PMMA. The total thickness of the coupling
plug, including the fiber, is 500 µm enabling embedding of this structure in thin
planar sensing sheets. It is thus compatible with the flexible and stretchable op-
tical skins (thickness of 1 to 4 mm) from Chapter 3. The resulting optical package
consists of an integrated optoelectronic device (thickness of 20 to 40 µm) and the
PMMA plug (thickness of 500 µm), and provides a thin, 90° coupling structure
for vertical emitting lasers and detectors.
Theoretical coupling losses of 0.3 dB (single-mode VCSEL to 50 µm multimode
fiber) and 6.4 dB (single-mode VCSEL to 9 µm single-mode fiber) are reported. Ef-
fective loss numbers after aligning and fixing the mirror plug range from 2 dB for
the multimode case (including a fusion splice) to 8.5 dB for the single-mode case.
Pigtailing integrated detectors has resulted in coupling losses of 1 dB. In Chap-
ter 6, also 850 nm single-mode fibers (5-6 µm core diameter) are used to couple
lasers and detectors directly to fiber sensors (without fusion splices or excessive
fiber length) yielding even lower losses.
Next to the traditional silica fibers, also polymer fibers or waveguide structures
can be coupled to optoelectronic driving components using similar coupling
plugs. These polymer sensing alternatives take the artificial optical sensing skin
concepts to the next level. The resulting sensing system itself can be fully polymer
and no longer be embedded in a polymer host material.
The coupling technology developed within this PhD allows to achieve efficient
optical coupling through a minimized optical path length. Using different types
of fibers, this approach constitutes a novel fiber coupling platform with integra-
tion and miniaturization possibilities beyond the state-of-the-art.
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Ultra-compact optical fiber sensing
system
This chapter tackles the fully embedded sensing concept based on fiber Bragg gratings
and integrated optoelectronic components. The sensor system which is presented and
characterized in this chapter can be considered as the culmination of this dissertation.
The sensing and interrogation concepts introduced in Chapter 2 are combined with the
component and sensor integration technologies developed within Chapters 3, 4 and 5
creating a portable dynamic fiber sensing system as an alternative for the traditionally
bulky and expensive fiber sensor and interrogation systems. The main part of this chapter
is based on [1].
6.1 Introduction
As already frequently discussed within this dissertation, optical sensors offer spe-
cific advantages over their electrical counterparts. Optical fiber sensors have ad-
ditional advantages such as the (quasi-)distributed sensing capabilities, the pos-
sibility to perform absolute measurements and the sensor stability reflected in ex-
cellent fatigue resistance under high load and repeatable cycles [2]. The sensors
can potentially also be fabricated in a low-cost manner as the sensor base material
is typically a silica fiber. As shown in Chapter 3, optical fiber sensors also offer
high integration and embedding capabilities. The polymer embedding materials
i
i
“BVH˙book” — 2013/10/24 — 10:07 — page 194 — #236 i
i
i
i
i
i
194 Ultra-compact optical fiber sensing system
used in Chapter 3 enable mechanically flexible and stretchable applications but
also other embedding host materials are possible. The integration of fiber Bragg
grating in composite materials for example is another popular embedding exam-
ple enabling structural health monitoring in for example air plane wings or wind
turbines [3].
However, using optical fiber sensors requires a spectral read-out unit, as the sens-
ing information is encoded in the shift, deformation or split of the optical Bragg
wavelength. Commercially available types of spectral read-out units are mostly
based on a broadband light source, for example a superluminescent LED, spec-
trometer or reference grating. They are therefore typically bulky (therefore not
mechanically flexible) and expensive (see Chapter 2, Section 2.2.1). In this chapter
a unique fiber sensor interrogation system is presented, based on electrothermal
wavelength tuning of an optoelectronic source, which can be fabricated low-cost
and with an ultra-small form factor. By using simple optoelectronic components
(VCSELs and photodetectors), an ultra-thin optical chip package is fabricated
to embed laser and detector chips in flexible polymer foils with a thickness of
only 40 µm. An integrated fiber coupling technique, based on a 45° micromirror,
is used to ensure compatibility of the pigtailed optoelectronic components with
planar flexible sensing sheets of only 1 mm thick, incorporating both driving and
read-out optoelectronics as well as the optical sensor elements.
The result is a fully embedded flexible sensing system with a thickness of only
1 mm including integrated planar fiber pigtails, based on a single VCSEL, fiber
sensor and photodetector chip. Temperature, strain and electrodynamic shaking
tests have been performed on our system, not limited to static read-out measure-
ments but dynamically reconstructing full spectral information datasets.
6.2 Optical fiber sensor selection
Within Chapter 3, several special types of fiber sensors were used, each pos-
sessing their specific advantages. Particularly polymer fiber sensors constitute
an interesting alternative because it can pave the way towards a fully polymer
fiber sensing system. Nevertheless for this chapter, a traditional silica fiber Bragg
grating was chosen. This choice allows maximizing the optical power budget
and also ensures the availability of sensors at different wavelengths matching
the optical sources. To maintain compatibility with the polymer embedded
and fiber-coupled optoelectronic components (Chapter 4 and 5), the wavelength
range around 850 nm is selected for the fiber sensors. It further exploits the
advantage of low-cost semiconductor laser and detector chips available around
850 nm compared to the more expensive 1550 nm wavelength range.
The FBG sensors for this work were inscribed in Fibercore SM800, a B/Ge co-
doped optical silica fiber, with a 244 nm UV laser using a holographic tech-
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6.3 Interrogation principle 195
nique [4]. Prior to UV inscription, the fibers were submitted to hydrogenation
at 200 bar and 80 ◦C for 48 h and stored for a short period at −40 ◦C. This fiber
type has a very high photosensitivity to enable rapid fabrication of gratings.
The gratings were fabricated with a center wavelength at 855 nm to match the
wavelength tuning range of the VCSEL devices used to drive the fiber sensors.
A typical FBG transmission spectrum fabricated using this type of fiber is illus-
trated in Figure 6.1. The 3 dB wavelength range, measured in transmission as
depicted in Figure 6.1b, is 0.15 nm. A broadband source (superluminescent LED)
and an optical spectrum analyzer were used to perform these initial spectral
measurements.
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Figure 6.1 – Typical spectral response of the fabricated fiber Bragg gratings in the 850 nm
range, measured in transmission with an optical spectrum analyzer.
6.3 Interrogation principle
The interrogation scheme is schematically shown in Figure 6.2. A single-mode
VCSEL is used as a fiber optic driving unit and a photodiode is used to read out
the transmitted power. The electrothermal effect (electrical current causes heat-
ing due to Joule dissipation and the temperature rise causes red shift of the emis-
sion wavelength due to the thermo-optic effect) causes the emitting wavelength
to shift when tuning the VCSEL driving current. Higher driving currents corre-
spond to higher red-shifts in the VCSEL wavelength. An electrical driving unit is
needed to modulate the electrical current in the VCSEL, consequently activating
the VCSEL wavelength red shifting. Depending on the separation of the different
i
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Bragg gratings, this interrogation system even has limited possibility to read out
multiplexed fiber sensing points. A data acquisition board linked to a computer
is typically used to store and visualize the photocurrent through the photodiode.
DAQ (ADC)
Amplification and read-out
Photodiode
Driver
Amplitude modulation
Interrogation Unit
Transmission 
measurement
VCSEL
Fiber Bragg Grating
Figure 6.2 – Schematic view of the sensor interrogation system.
Fiber sensing systems based on a similar VCSEL wavelength red shifting interro-
gation technique have been reported by other institutes and include vibration [5]
and temperature [6] sensing systems. Using MEMS technology, it is possible to
extend the tuning range of the VCSEL increasing the number of addressable mul-
tiplexed sensing points [7, 8]. Other types of laser diodes can also be used to
perform wavelength tuning enabling fiber sensor interrogation [9]. Alternatively,
tunable optical filters have been applied on broadband light sources or detectors,
such as a driving superluminescent LED [10] or a read-out photodetector [11].
As already introduced in Section 5.4.1, the presented interrogation system has
two operating modes: modulation mode and constant current mode. Figure 6.3
shows a basic schematic example of the dynamic interrogation scheme (modula-
tion mode). In Figure 6.3a and 6.3b, the VCSEL is modulated with a sawtooth sig-
nal and the optical power and wavelength are varying accordingly. Figure 6.3c
shows the response of the photodetector current when a Bragg grating is mea-
sured in transmission. The photocurrent is depicting the sawtooth driving signal
and the grating filter characteristic. Combining the data in Figure 6.3c with the
data from a VCSEL calibration measurement enables filtering the sawtooth sig-
nal and isolating the grating response in the photocurrent signal (Figure 6.3d).
Assuming the VCSEL is modulated using a frequency f, a new full spectrum
reconstruction is available each 1/f seconds. Assigning a color to the relative
wavelength intensity results in a complete spectral reconstruction (Figure 6.3e) in
which the intensity is depicted for each wavelength, every 1/f seconds.
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Figure 6.3 – Schematic example of the fiber sensor interrogation principle (modulation
mode).
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Figure 6.4 shows the dynamic reconstruction (f = 1 kHz) of the 855 nm FBG using
an integrated and fiber pigtailed VCSEL and photodetector, perfectly correspond-
ing to the initial characterization results from Figure 6.1.
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Figure 6.4 – Full spectral FBG reconstruction using integrated VCSEL and photodetector.
Alternatively, a fixed VCSEL driving current can be used. The varying trans-
mitted optical power intensity is then monitored at a well-defined wavelength
(constant current mode). This wavelength is preferably on the edge of the grating
characteristic, enabling the distinction between blue and red shifting of the fiber
sensor. In this static interrogation scheme, one is limited to the detection of the
amount of Bragg wavelength shift and consequently losing the dynamic sensing
information such as peak broadening, splitting or deformation.
The remainder of this chapter is divided in two parts: the first part is devoted
to the interrogation system to come up with a low-cost, portable system and the
second part is taking the technology one step further by integrating the opto-
electronic components in thin, flexible packages and consequently limiting the
thickness of the total sensing system to one millimeter.
6.4 Proof-of-concept: system with discrete compo-
nents
This section illustrates the sensor system using conventionally packaged opto-
electronic components. To demonstrate the capabilities of the interrogation prin-
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ciple, an FBG was set up in transmission mode using a VCSEL light source and
a GaAs photodetector as shown in Figure 6.5. Note that it is also possible to
configure a grating in reflection mode by adding a coupler. This enables higher
signal-to-noise ratio measurements of the grating but with the trade-off in having
to include a coupler.
This proof-of-concept interrogation unit was largely developed by the Aston In-
stitute of Photonic Technologies (Aston University) and Astasense within the
framework of Phosfos [12] and tested using the photonic skins from Chapter 3.
6.4.1 Inside the Interrogation Unit
The interrogation unit is shown in Figure 6.6, has a dimension of 160 mm x
116 mm x 35 mm and weighs 520 g with a lithium-ion battery. The unit can
run up to 24 h on a single charge or indefinitely when plugged into a power
outlet. The interrogation unit was built around an Atmel ATMEGA644 micro-
controller running a custom written program. The Atmel ATMEGA family of
microcontrollers were chosen for their low-power consumption, low-cost and
high-performance. The Atmel ATMEGA644 microcontroller features 64 KB ISP
flash memory, 2 KB EEPROM, 4 KB SRAM, selectable 8 or 10-bit Analogue to
Digital Converters (ADC), 2 USARTs and 32 general purpose I/O channels. The
primary method used to control and configure the interrogation unit is through a
graphical user interface in the form of an application (app) built on the Android
platform which communicates wirelessly over Bluetooth to a tablet or smart-
phone device. The system can also be set up using a computer terminal using the
serial RS232/Bluetooth connection.
The microcontroller directly controls a current source (Wavelength Electronics
LDD P series) which was used to drive a VCSEL (or other light source). The pho-
todetector was connected through a low noise transimpedance amplifier with
a variable gain which converts the photocurrent into a voltage signal which is
then read by the on-board microcontroller ADC. The variable gain in the tran-
simpedance amplifier offers additional flexibility to allow the system to be fine-
tuned and adapted to suit different strength gratings and light sources.
As discussed in the previous section, the interrogation unit has two modes of
operation: constant current mode and modulation mode. Under constant cur-
rent mode, the interrogation unit sweeps the drive current of the VCSEL using a
user configured step size to reconstruct the profile of the FBG. Once the grating
profile has been established, the system automatically chooses the VCSEL driv-
ing current which matches the source wavelength with the most sensitive edge
of the FBG. With a static drive current, the interrogation unit then monitors the
amplitude of the light received by the photodetector. The system can sample the
photodetector up to a rate of 5 kHz; moving point averages and other math cal-
culations can be computed directly on the microcontroller. In modulation mode,
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Figure 6.5 – Detailed schematic view of the proof-of-concept sensor interrogation system.
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(a) Front panel view. Ports from left-to-right: laser
diode (fiber out), photodetector (fiber in), on/off
switch, analogue auxiliary port.
(b) Side view. Power inlet port is situated at the
rear.
Figure 6.6 – Interrogation system incorporating all elements schematically shown in Fig-
ure 6.5.
the Android app is used to select a modulation signal such as a sine or sawtooth
signal to drive the current source. The microcontroller is able to modulate the
current source at a frequency up to 1 kHz. A higher sensing sensitivity can be
achieved in modulation mode due to the higher signal-to-noise ratio and there-
fore much smaller perturbations on the FBG can be detected compared to con-
stant current mode. More detailed test results of the electronics in combination
with a fiber sensor element can be found in [13].
6.4.2 Read-Out Android app
The Android app (Figure 6.7a) used to configure the interrogation unit also acts
as a data logger and live data plotter for perturbations experienced by the FBG.
It is also possible to recall data plots collected in past sessions. Alternatively,
data can be logged and plotted through a PC terminal connected through the
RS232/Bluetooth serial interface. The Android device automatically connects
wirelessly over Bluetooth to the interrogation unit on startup. When a connection
has been established, a prompt is displayed to allow the user to select the mode
of operation, configure the maximum drive current limit, modulation type and
modulation frequency. Once the settings are saved, a new measurement session
is displayed in the form of a live graph with the photodetector intensity plot-
ted against a data reading identifier code. Incoming data is automatically logged
and saved to the internal memory of the tablet or smartphone device which can
later be retrieved and replotted. In addition, the 2 KB EEPROM microcontroller
on-board memory can provide ample space to store up to 500 data points. The
analogue auxiliary output port can be used simultaneously with the Android app
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and the on-board memory. The analogue port provides a quick and easy to use
interface to connect to an oscilloscope or other legacy equipment to view live data
at high modulation rates.
(a) Android read-out system.
Embedded 
FBG 
Touching  
the beam 
Loose 
beam end 
(b) Beam test set-up with one end
free to oscillate.
Figure 6.7 – Proof-of-concept characterization set-up.
6.4.3 Proof-of-concept demonstration
The interrogation unit was tested with a commercially available pigtailed VCSEL
and photodetector from Honeywell in the interrogation box. An FBG was used
as the sensor device which was embedded in a flexible and stretchable polymer
host material and taped to a beam secured at one end so that the beam was free to
oscillate when a downward force was applied (Figure 6.7b). For the first test, the
interrogation unit was set to constant current mode and the microcontroller swept
the VCSEL drive current from 0.1 mA to 0.4 mA with a step size of 0.01 mA which
corresponded to a wavelength tuning range of 855.877 nm to 857.660 nm. Dur-
ing the sweep, the photodetector was sampled at 5 kHz with every 50 readings
averaged and plotted onto a real-time graph on the Android device. Once the
sweep completed, the microcontroller automatically selected the VCSEL drive
current that corresponded to the most sensitive edge of the FBG. After the setup
sequence, the beam with the grating was made to oscillate to demonstrate the
speed and type of read-out that is possible with the interrogation unit. A screen
capture of the live graph (transmitted optical power) is shown in Figure 6.8a.
Both blue (decreasing optical power) and red shifting (increasing optical power)
effects of the FBG are visible. Figure 6.8b shows the system response when mim-
icking breathing movements on the embedded fiber. Next to the constant current
mode, also the modulation mode was successfully tested using similar driving
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parameters but with continuous current sweeping.
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Figure 6.8 – Proof-of-concept characterization results.
6.5 Fully embedded system: building blocks
The fully embedded system consists of three building blocks:
• A single-mode VCSEL embedded in an ultra-thin chip package (Chapter 4)
and fiber pigtailed to a multimode or single-mode coupling fiber (Chap-
ter 5). The result is shown in Figure 6.9a.
• A single-mode silica fiber Bragg grating sensor embedded in a polymer host
material (Chapter 3). This fiber can be the same fiber as the coupling fiber(s).
The result is shown in Figure 6.9b.
• A photodetector chip embedded in an ultra-thin chip package (Chapter 4)
and fiber pigtailed to a multimode or single-mode coupling fiber (Chap-
ter 5). The result is shown in Figure 6.9c.
Figure 6.10a is depicting a fully single-mode system (the fiber sensor is not em-
bedded). The coupling plugs have been fabricated directly on the sensing fiber on
both sides. All intermediate splicing transitions are consequently avoided. Fig-
ure 6.10b depicts the auxiliary read-out equipment (power supply, microscope)
needed to visualize the electrical signals.
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(a) Fiber-coupled embedded
VCSEL.
(b) Polymer embedded fiber Bragg
grating.
(c) Fiber-coupled embed-
ded photodetector.
Figure 6.9 – Fully embedded system building blocks.
(a) Fully single-mode system.
(b) Auxiliary read-out equipment.
Figure 6.10 – Fully integrated fiber sensing system.
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6.6 Fully embedded system: characterization
A fully embedded sensor system, consisting of a fiber-coupled integrated single-
mode VCSEL (available as bare chip from ULM Photonics), a fiber-coupled in-
tegrated photodetector (available as bare chip from Enablence) and a silica fiber
sensor with Bragg grating at 855 nm, was characterized under varying temper-
ature and axial strain. Also tactile sensing and vibration measurements were
performed on the system to prove the high-speed dynamic read-out capabilities
of the sensing system. To characterize the fully embedded system, modulation
mode was used. This allows to obtain full spectral reconstruction of the fiber sen-
sor. Note that only relevant wavelength ranges are shown in the characterization
graphs.
6.6.1 Electrothermal tuning effect
To interrogate the fiber sensor, the electrical current through the VCSEL was
driven using an analog sawtooth signal between 4 mA and 8 mA at 100 Hz. The
fiber sensor was read out in transmission mode and the photodetector current
was amplified and sampled at 100 kHz yielding 1000 data points each tuning cy-
cle of 10 ms.
Figure 6.11 shows the electrothermal tuning effect of the integrated fiber pigtailed
VCSEL as a function of different DC driving currents and a sawtooth signal at
different frequencies.
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Figure 6.11 – Dynamic wavelength range of the fiber pigtailed single-mode VCSEL.
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At 100 Hz, the heating effect and the corresponding dynamic wavelength range is
limited to 1.46 nm when using the sawtooth driving signal versus 2.01 nm when
using the DC driving mode. A theoretical spectral resolution of 1.5 pm and a
response time of 10 ms are consequently obtained. The accuracy of the interroga-
tion system is limited by the VCSEL bandwidth. Figure 6.11a also indicates that
single-mode behavior of the embedded and fiber-coupled VCSEL is preserved
even for higher driving currents. The same parameters were used to perform the
initial spectral reconstruction measurements (modulation mode), as was shown
in Figure 6.4.
6.6.2 Temperature measurements
Temperature tests were carried out using a Thermoelectric Cooler (TEC) set-up
on which the FBG was positioned next to the heating elements (Figure 6.12a). Be-
fore the actual experiments, a calibration measurement was performed to obtain
relative (referenced) spectral measurements.
FBG
(a) Temperature characterization set-up.
FBG
(b) Axial strain characterization set-up.
Figure 6.12 – Fully embedded system tests.
Temperature characterization was carried out by first heating up the fiber from
room temperature (Figure 6.13a, measurement 1) to 75 ◦C (Figure 6.13a, measure-
ment 2) and subsequently cooling it down. A limited set of spectral measure-
ments is shown in Figure 6.13a. The central wavelength for all the measurements
is plotted versus temperature in Figure 6.13b. A linear temperature response is
obtained yielding a sensitivity of 3.0 ± 0.1 pm/◦C. The slope of this curve is de-
viating from the theoretical sensitivity of 5.7 pm/◦C for 855 nm silica fiber Bragg
gratings [14]. This difference can be explained by the heat loss during the heat
transfer from the TEC to the fiber.
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(a) Measured transmission spectra using the inte-
grated VCSEL and photodetector system.
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(b) Wavelength extremum versus temperature.
Figure 6.13 – Temperature characterization of the fully embedded system.
1: 21.7 ◦C (RT), 2: 75 ◦C, 3: 65 ◦C, 4: 55 ◦C, 5: 45 ◦C, 6: 35 ◦C, 7: 25 ◦C.
6.6.3 Axial strain measurements
The axial strain tests were performed on a fiber clamping set-up with micro-
screws to accurately control the applied displacement (Figure 6.12b). The fiber
system is set up using similar test parameters as for the temperature characteri-
zation. Before the actual experiments, a calibration measurement was performed
to obtain relative (referenced) spectral measurements.
Axial strain characterization tests were performed by applying different displace-
ments on one end of the fiber and monitoring the corresponding spectra (Fig-
ure 6.14a). The central wavelength for all the measurements is plotted versus
strain in Figure 6.14b. A linear axial strain response is achieved yielding a sen-
sitivity of 0.25 ± 0.01 nm/me. This slope is lower than the theoretical sensitivity
of 0.67 nm/me for 855 nm silica fiber Bragg gratings [14]. The difference can be
explained by partial slippage of the fiber in the fiber clamping set-up and partial
slippage of the fiber in the acrylate fiber coating.
6.6.4 Tactile sensing
Dynamic characterization tests were performed to prove the feasibility of fast full
spectral reconstruction measurements, not limited to a fixed monitoring wave-
length. Therefore, the system was operated using a sawtooth signal of 1 kHz and
driving currents between 4 mA and 8 mA. The corresponding wavelength range
is limited to 1.39 nm in this case and a response time of 1 ms is consequently ob-
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(a) Measured transmission spectra using the inte-
grated VCSEL and photodetector system.
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Figure 6.14 – Strain characterization of the fully embedded system.
1: 0 me, 2: 0.31 me, 3: 0.62 me, 4: 0.93 me, 5: 1.24 me, 6: 1.55 me, 7: 1.86 me, 8: 2.17 me,
9: 2.48 me, 10: 2.79 me, 11: 3.10 me, 12: 3.41 me, 13: 3.72 me, 14: 0 me.
tained. Data acquisition rates are varying between 100 kHz and 10 MHz, depend-
ing on the required measurement detail and associated resolution. For the tactile
sensing measurements, the fiber sensor is embedded in an artificial sensing skin
as discussed in Chapter 3 and [15, 16].
To demonstrate the tactile “touch” sensing capabilities, the operation of the sens-
ing system was qualitatively proven by manually touching and releasing the
fiber sensing skin and dynamically monitoring the system (modulation mode as
schematically shown in Figure 6.3). The resulting tactile sensing measurements
are shown in Figure 6.15.
6.6.5 Vibration
Next to the tactile sensing tests, an electrodynamic shaker test was set up to dy-
namically characterize the system in a repeatable and controllable way. There-
fore, the fiber system was set up using similar test parameters as for the tactile
sensing characterization tests. This set-up was available at the Department Ma-
terial Science and Engineering of Ghent University. In Figure 6.16, the electro-
dynamic shaker set-up is shown, as well as the driving and read-out equipment,
connecting fibers and data acquisition unit. The fiber sensor was fixed on a metal
resonating plate with a resonance frequency of 50 Hz. A logarithmic frequency
sweep between 20 Hz and 300 Hz during 60 s was applied on the shaker set-up.
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Figure 6.15 – Tactile sensing demonstration: relative wavelength intensity variations when
touching the embedded fiber sensor.
Figure 6.16 – Electrodynamic shaker set-up.
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Part of the resulting dynamic measurement (wavelength resolution of 4 pm)
is shown in Figure 6.17 and more detailed views are depicted in Figures 6.18
and 6.19.
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Figure 6.17 – Electrodynamic shaker characterization of the fully embedded system (rela-
tive wavelength intensities). Full spectral reconstruction of the resonance effect.
In Figure 6.20, a time domain plot (at a fixed wavelength, λ = 855.104 nm), fo-
cusing on the lower edge of the grating response, is depicting the periodic signal
without shaking (labeled “Reference”) and during resonance (labeled “Experi-
ment”).
Without resonance, there is partial overlap of the VCSEL emitting power spec-
trum and the grating filter characteristic, transmitting about 75 % of the optical
power. During resonance, the Bragg grating filter characteristic overlap is com-
pletely eliminated when reaching a 100 % relative transmitted power intensity.
After analyzing this graph, a frequency of 50 Hz is obtained confirming that the
spectral information can indeed be reconstructed correctly.
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Figure 6.18 – Electrodynamic shaker characterization of the fully embedded system (rela-
tive wavelength intensities). Zoomed view of the full spectral reconstruction.
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Figure 6.19 – Detailed analysis of the electrodynamic shaker characterization (full spectral
reconstruction with relative wavelength intensities).
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Figure 6.20 – Electrodynamic shaker characterization: time domain analysis (relative intensity at a
fixed wavelength of 855.104 nm) during resonance. Reference measurement is stable around 75 %.
6.6.6 Asymmetric deformation
As mentioned before, to fully exploit the benefits of fiber Bragg gratings, full spec-
tral reconstruction of the fiber sensor signal is needed. In this section, an example
will be given of an asymmetric deformation of a fiber Bragg grating leading to
peak deformation and birefringence [17, 18]. In optical communication systems,
this is typically an unwanted effect deteriorating the signal quality and reducing
the data connection speed. In structural health monitoring applications how-
ever, this effect can provide a very useful source of information. Analyzing these
spectral distortions can provide important information on for example residual
stresses or transverse cracks in composite laminates [19, 20]. Another applica-
tion was already discussed in Section 3.4. Shrinkage of the embedding polymer
host material in combination with a good fiber adhesion was in this case causing
spectral peak deformation after completion of the embedding process or during
temperature variation. To measure these kinds of special distortions, spectral
analysis is performed on a few-mode silica fiber with a Bragg grating around
850 nm.
This grating is fabricated in a different fiber (single-mode at 1550 nm but few-
mode at 850 nm). As a reference, the transmission spectrum of this few-mode sil-
ica fiber with Bragg grating is recorded using a compact fiber pigtailed Exalos [21]
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SLED and an Agilent 86142B OSA, shown in Figure 6.21.
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Figure 6.21 – Fiber Bragg grating in transmission using an SLED and an OSA.
The sensing fiber is then clamped between two stages accommodated with micro-
screws to apply a strain on the Bragg grating. The fully embedded interrogation
scheme is again using the modulation mode, as discussed in Section 6.3. Driv-
ing the VCSEL is done using a 1 kHz sawtooth current signal and the VCSEL is
modulated between 2 mA and 4 mA. A linear relation between electrical current
and VCSEL wavelength is assumed. The photocurrent signal (a measure of the
transmitted optical power) is amplified in a negative feedback loop and filtered
(read-out filter cut-off frequency = 1 MHz) to clear the signal from high-frequency
noise. A National Instruments data acquisition (DAQ) board is used to read out
and store the functional photocurrent data and the DAQ read-out frequency is
set at 105 samples per second. Consequently, every millisecond a new spectral
waveform is available and each waveform consists of 100 data points.
The total VCSEL tuning range is 1.783 nm yielding a spectral resolution accuracy
of 17.83 pm. This wavelength tuning range is deviating from previously men-
tioned wavelength ranges at 1 kHz. This is because the VCSEL used for these
tests was originating from a different batch and, as mentioned before, one of the
drawbacks of the VCSELs are the chip-to-chip and batch-to-batch varying optical
characteristics. Increasing the VCSEL modulation or photodetector sampling fre-
quency can further enhance time and spectral resolution of the system. The upper
limit for the modulation frequency in this simple approach was experimentally
determined around 20 kHz. Beyond this limit, the wavelength-current relation-
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ship of the VCSEL starts to fade. By using pulse width modulation or other more
advanced signal processing techniques, one could further enhance the resolution
values.
A calibration measurement is necessary in order to filter the optical power fluctu-
ations and to come up with relative wavelength intensities. During the functional
test, a manual strain of 0.954 me is applied by loading the fiber with a microscrew
with a resolution of 10 µm. The relative wavelength intensities are color plotted
as a function of time in Figure 6.22. This figure displays a dynamic measurement
of the fiber Bragg grating during manual straining and releasing of the fiber. The
different straining and releasing steps are clearly visible.
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Figure 6.22 – Dynamic measurement of the fiber Bragg grating using the fully embedded
system (wavelength intensity versus time).
In order to experimentally verify the strain which is applied, the minimum wave-
length intensity is tracked. A maximum wavelength shift of ≈ 0.7 nm is obtained
at t = 12.96 s. Comparing this value to the theoretical strain of 0.954 me indicates
an almost perfect transfer of the applied displacement to strain on the fiber. More
advanced analysis of the spectral response of the fiber Bragg grating is now pos-
sible on a very accurate scale, both in time and wavelength domain. A snapshot
of the optical spectrum is shown in Figure 6.23. One can extract the shift in peak
wavelength but also other information, not measurable with traditional peak-
tracking systems, such as peak deformation or the introduction of birefringence
leading to the two different dips in the optical spectrum (Figure 6.22, t = 7 s and
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snapshot in Figure 6.23) is visible. This effect is due to an asymmetrical defor-
mation of the fiber core leading to a difference in effective refractive index when
changing the polarization and propagation direction of light. A double refraction
effect is the result. Using microstructured optical fibers possessing a high degree
of inherent birefringence (Chapter 3), one can tune the sensitivity of fiber sen-
sors to certain parameters and distinguish between axial and transverse loading
effects. The fiber interrogation system presented here can consequently also be
used on these advanced fiber sensors.
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Figure 6.23 – Snapshot of the spectral information at t = 7s (intensity vs. wavelength).
6.6.7 Complete single-mode system
In this section, a fully single-mode system is discussed. Figure 6.24 shows the
comparison of an optical spectrum analyzer measurement with the fully embed-
ded read-out result. The two graphs nicely coincide. At λ = 856.5 nm, an extra
dip in the dynamically reconstructed spectrum is visible. This is possibly due to
a second mode present in the VCSEL emission spectrum. The total loss of the
single-mode VCSEL - fiber - photodiode link is about 7 dB.
Figure 6.25 is depicting a basic characterization graph in which strain is manually
applied on the fiber sensor. The x-axis is now showing both time and data point
values (5000 acquired optical power transmission values over 1 ms) over 1 spec-
tral reconstruction period. The y-axis is showing linear (photocurrent) intensity
values. This graph is depicting 1 round trip of the driving VCSEL and the rela-
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Figure 6.24 – Measuring a single-mode fiber Bragg grating: OSA vs. fully embedded
system.
tive intensity values start to saturate from t = 0.3 ms. This effect has nothing to
do with the fiber sensor but can be attributed to the fact that higher time values
correspond with increasing VCSEL driving currents (Figure 6.3). These increas-
ing driving currents are in this case causing an increasing but flattening optical
power (rather than a linear increase, probably due to thermal effects) explaining
the saturated relative intensity values.
6.6.8 Temperature influence
As discussed in Chapter 2, one of the important advantages associated with sen-
sors based on fiber Bragg gratings is their insensitivity to optical intensity fluctu-
ations caused by aging effects, deteriorating coupling alignments or differences
in electrical driving currents. Unwanted wavelength fluctuations, for example of
the driving VCSEL source, can however influence and potentially also compro-
mise the sensor measurements. The main reason for these unwanted wavelength
fluctuations is to be found in ambient temperature variations. To check the vul-
nerability of the embedded single-mode VCSELs to such ambient temperature
changes, the emitting wavelength was monitored between 20 ◦C and 70 ◦C using
different driving currents (2.5 mA and 6 mA). An ultra-thin VCSEL package was
therefore mounted on a hot plate and the wavelength was monitored using an
Agilent 86142B OSA. The results are shown in Figure 6.26.
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Figure 6.25 – Characterization of the fully single-mode system: initial measurement vs.
strain.
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Figure 6.26 – Wavelength - temperature sensitivity of the single-mode VCSEL source.
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Sensitivities of respectively 66 ± 1.2 pm/◦C and 82 ± 2.7 pm/◦C are extracted.
The typical temperature dependency of the emitting wavelength is 60 pm/◦C ac-
cording to the manufacturer datasheet. An elegant way to circumvent this tem-
perature sensitivity could be matching the temperature sensitivity of the embed-
ded fiber sensor(s) (Table 3.13) to the sensitivity of the driving VCSEL.
6.7 Conclusion
This chapter described a new fiber sensor interrogation system which can be
fabricated ultra-small and fully embedded in a thin polymer stack. The sens-
ing elements are manufactured using mature and commercially available Bragg
grating inscription technology. Driving and read-out electronics and optoelec-
tronics were combined with an Android based acquisition unit resulting in a
portable and compact sensing system. Furthermore, technology was provided
to take the integration a step further and embed the optoelectronics on a chip
level to obtain a wearable system with a thickness below 1 mm. A broad range
of new applications, including tactile sensing, structural health monitoring and
biomedical systems, can be targeted with this unique sensing concept.
The interrogation technique is based on an intelligent VCSEL-photodiode combi-
nation. Two interrogation modes are available: constant current mode and mod-
ulation mode. In constant current mode, the transmitted optical power is moni-
tored at a fixed wavelength with a maximum acquisition rate of 5 kHz. Using the
modulation mode offers full spectral reconstruction. The corresponding wave-
length resolution is depending on the driving frequency and data acquisition rate,
and demonstrated at, but not limited to, 1.5 pm and 4 pm. The wavelength accu-
racy is limited by the VCSEL bandwidth and the associated response time varies
between 1 ms and 10 ms. In terms of resolution and measurement speed, the only
limit on the sensing system is the driving laser (VCSEL) chip. Increasing the sens-
ing system speed will narrow the wavelength range. There is however only one
signal containing full spectral datasets which has to be read out. Compared to
conventional spectrometers and other state-of-the-art fiber Bragg grating interro-
gation systems this yields a significant advantage as no optical mirrors have to be
turned or multiple CCD elements read out.
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7
High resolution pressure sensor based
on optical feedback in a VCSEL
This final technology chapter is reaching out for optical sensor principles which are inher-
ent to the optoelectronic sources avoiding the use of any Bragg grating structure. These
sensors can pave the way towards further sensor miniaturization and integration. Within
this chapter a highly accurate integrated incremental pressure sensor, based on optical
feedback in a VCSEL, is developed. This laser chip is again embedded as an unpackaged
optoelectronic component in a polymer host material. A compressible polymer sensing
layer is acting simultaneously as an external laser cavity and as a transducer material,
converting the pressure which is applied into a change in the laser cavity length.
7.1 Introduction
As already discussed in Chapter 1, pressure sensors are becoming increasingly
important in different areas, such as the automotive industry, the structural health
sector and biomedical engineering. These markets are demanding for technolo-
gies which allow to miniaturize sensors and, at the same time, to integrate sensor
elements with microelectronic functions in minimal space. Within the medical
application domain additional requirements apply such as biocompatibility, me-
chanical flexibility and sensor insensitivity to electromagnetic interference.
The existing Microelectromechanical Systems (MEMS) pressure sensors are
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mostly based on piezoresistive or capacitive force sensing technologies [1]. Op-
tical alternatives, mostly based on fiber sensors, have been developed by several
institutes [2]. Polymer and polymer embedded optical fiber sensors as well
as ultra-small fiber sensing systems have been discussed in Chapters 3 and 6.
These sensors can perform absolute pressure measurements and offer unique
advantages such as immunity to electromagnetic interference and capability of
operating in harsh environments. In this chapter, an optical, incremental, VCSEL
based sensor is presented based on self-mixing interferometry in an external laser
cavity. Using unpackaged laser chips, one can embed this sensor element in an
ultra-thin flexible package (an optical sensing foil) which can be mounted on a
non-planar surface or even irregularly shaped objects, such as a the human body.
These laser chips typically contain arrays of VCSELs (pitch between the light
emitting areas of 250 µm for example) enabling high-density measurements in
small areas. In this respect the VCSEL sensing approach is clearly distinguishable
from the (multiplexed) optical fiber sensors, typically covering larger areas but
with lower density.
The working principles of optical sensors based on self-mixing interferometry
were discussed in Chapter 2, Section 2.1.2. In the next paragraph, these work-
ing principles are applied on VCSEL array chips. This VCSEL based pressure
sensor combines the specific advantages of sensors based on an optical sensing
mechanism with extensive integration capabilities. The pressure sensor which is
developed within this chapter namely relies on optical feedback in the optoelec-
tronic component itself. Expensive and delicate fiber coupling or free-space light
coupling technology blocks are consequently avoided.
7.2 Principle of operation
The pressure sensing mechanism is based on a displacement measurement of
an external target on a VCSEL chip. The underlying mechanism for this dis-
placement measurement is based on the self-mixing interference effect in VCSELs
which is observed when a fraction of light emitted from the laser is injected back
into the laser cavity. This back reflection is performed by an external target on a
distance Lext from the VCSEL emitting area [3]. As a result, an external cavity is
created between the VCSEL and the external reflector (Figure 7.1).
The VCSEL resonator itself consists of two Distributed Bragg Reflector (DBR) mir-
rors parallel to the wafer surface with an active region consisting of one or more
quantum wells for the laser light generation in between. The planar DBR-mirrors
(reflectance Rint, Figure 7.1) consist of layers with alternating high and low re-
fractive indices. Each layer has a thickness of a quarter of the laser wavelength
in the material, yielding intensity reflectivities above 99 %. High reflectivity mir-
rors are required in VCSELs to balance the short axial length of the gain region.
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The external target has a reflecting layer with a reflectance Rext and is typically
consisting of a thin metal layer.
Due to the coherence of the emitted laser light, the recoupled light mixes in a
deterministic way with the light in the internal laser cavity. The phase shift in-
troduced by the round trip travel to and from the target, influences the optoelec-
tronic characteristics of the laser. Depending on the delay and the phase of the
back-reflected light, the VCSEL threshold condition is varied; thus the emitted
optical power changes as the pump current is held constant. The change in the
threshold implies a change in the actual VCSEL carrier density; as a consequence,
the wavelength emitted by the VCSEL subject to back reflections is also slightly
varied [3, 4]. Because of this phase shift dependency, increasing or decreasing Lext
results in a periodic variation of laser wavelength, optical power and electrical re-
sistance, all with period λ/2 (λ being the emitting wavelength of the VCSEL, in
this chapter 850 nm). This means that the target displacement can be calculated
by monitoring the periodic signal between the initial and the final position of the
target, where the spacing between the two consecutive peaks corresponds to the
distance of λ/2. Similar interferometric effects in VCSELs can be used to sense
other parameters or even perform multi-parametric sensing [5].
VCSEL L
Lext
Rext
External 
cavity
Rint
Rint
w(z)
θ
w0
zR
w02
z
Target
Figure 7.1 – Schematic overview of the VCSEL sensor principle.
7.2.1 Transducer layer parameters
A parameter of major importance for the sensor discussed in this chapter is the
external cavity material (Figure 7.1). Most existing sensors based on self-mixing
interference working principles are based on air as an external cavity material
between the light source and the target. Light is in this case propagating free-
space and optical elements (lenses) are typically needed to observe self-mixing
interferometry. In the first part of this chapter, a free-space optical path is indeed
used as an external cavity for discrete experiments producing proof-of-principle
i
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results and demonstrating the sensor capabilities. In this case displacement mea-
surements are performed rather than real pressure measurements.
The sensing mechanism of the integrated pressure sensor discussed in the second
part of this chapter is based on a conversion of the applied pressure to a certain
displacement of the external target mirror layer. This target reflecting layer itself
typically consists of a thin, little compressible, metal structure. Therefore, a key
sensor parameter determining to a large extent the sensing range and the accord-
ing accuracy, is the external cavity material. This transducer material is situated
between the VCSEL (internal laser cavity) and the external target (Figure 7.2). Its
mechanical properties are tuning the sensor characteristics (sensing range, accu-
racy, sensitivity, etc.).
The reason why unpackaged VCSEL components and extensive integration pro-
cesses are used, is the possibility to integrate the sensor component (VCSEL) in an
ultra-thin polymer package. To preserve the advantages associated with this inte-
grated approach in terms of size and flexibility, an integrated polymer transducer
layer is replacing the air gap. It is clear that without this integration technology,
the sensor concept from Figure 7.2 would not be possible.
VCSEL array chip
reflecting layer
(external target)
Ultra thin flexible VCSEL package
PDMS transducer layer
Pressure
Figure 7.2 – Schematic overview of the integrated VCSEL sensor principle.
The transducer material for the integrated sensor approach is a compressible
polydimethylsiloxane (PDMS) material, Sylgard®184, throughout the entire
chapter. As mentioned before (Chapter 3, Section 3.3), it is difficult to list ex-
act mechanical properties of PDMS as they are depending on the preparation
conditions of the material but also the application methods and curing param-
eters. As a guideline, the Young’s modulus E typically varies between 0.7 and
3.7 MPa and Poisson’s ratio ν ≈ 0.5. Next to its mechanical flex- and stretcha-
i
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bility, PDMS exhibits good environmental and thermal stability up to 300 ◦C [6].
Furthermore, the material shows a relatively low moisture absorption and is re-
sistant to a large range of commonly used chemicals [7]. For a detailed discussion
on the mechanical and optical properties of PDMS, the reader is again referred to
the PhD dissertation of Jeroen Missinne [8] (Chapter 2, Section 2.4).
7.2.2 Interferometric parameters
During all experiments based on self-mixing interferometry the following impor-
tant interferometric parameters, determining the working regime of the VCSEL
sensor, have to be monitored:
• The recoupled optical power Pcoupled. This value is depending on several
VCSEL parameters such as the aperture, divergence angle and Rayleigh
length, but also external cavity parameters such as the cavity length and
material, as well as the reflecting layer hedging the external cavity.
• The feedback parameter C. This value is determined by the (internal) VCSEL
linewidth enhancement factor, the laser internal DBR reflectance, cavity
length and effective refractive index as well as the external cavity length,
effective refractive index and external mirror reflectance.
Recoupled optical power
The power Pcoupled which is coupled back in the internal laser cavity after propa-
gation through the external cavity length can be estimated assuming the VCSEL
output beam has a Gaussian spatial profile. A schematic view was shown in Fig-
ure 7.1. The optical power P passing through a circle of radius r in the transverse
plane at position z is
P(r, z) = P0
(
1− e−2r2/w2(z)
)
where P0 is the total power transmitted by the beam. For a Gaussian beam prop-
agating in free-space, the spot size radius w(z) will be at a minimum value w0 at
one place along the beam axis, known as the beam waist. For a beam of wave-
length λ at a distance z along the beam from the beam waist, the variation of the
spot size is given by [9]
w(z) = w0
√
1+
(
z
zR
)2
where the origin of the z-axis is defined, without loss of generality, to coincide
with the beam waist, and where [9]
i
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zR =
pi w20
λ
is called the Rayleigh range. The VCSEL which is used as a sensor element is a
multimode 850 nm component from ULM Photonics [10]. From Chapter 4, the
following VCSEL parameters are obtained
λ = 850 nm
P0|V=1.5 V = 0.5 mW
w0 ≈ 5 µm
dP0
dV
≈ 11.3 mW
V
Based on these values and under the assumption that the light is traveling one
round trip (2 Lext) to recouple into the internal laser cavity, Pcoupled can be calcu-
lated as a function of the external cavity length Lext using neff,ext = 1.41 @ 850 nm.
This is shown graphically for different VCSEL driving voltages in Figure 7.3.
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Figure 7.3 – Optical power coupled back into the laser cavity versus the external cavity
length for varying VCSEL driving voltages.
A first observation from Figure 7.3 is that starting from 100 µm, the recoupled op-
tical power is dropping drastically. From Chapter 2, Section 2.1.2, we know that
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the VCSEL parameters are dynamically modulated because of the self-mixing ef-
fect starting from a recoupled optical power of Pcoupled = 0.01 P0, leading to the
following condition for observing self-mixing interferometry effects:
Lext < 901 µm
Optical feedback parameter
A conventional VCSEL interferometric self-mixing configuration was shown in
Figure 7.1. This configuration is equivalent to a three-mirror cavity, where the
back-diffused or back-reflected power by the remote target can be calculated as a
fraction Rext of the emitted optical power P0. An analytical steady-state solution
describing the optical power in this three-mirror laser cavity can be found in [4,
11, 12], and is leading to the following general expression for the optical power
emitted by the total VCSEL structure (including the external cavity)
P(φ) = P0(1+ m F(φ))
where again P0 is the power emitted by the unperturbed VCSEL, m is the modula-
tion index and F(φ) is a periodic function of the interferometric phase φ = 2 k Lext
(k = 2pi λ), of period 2pi [3]. The modulation index m and the shape of the func-
tion F(φ) depend on the so-called feedback parameter C.
This feedback parameter is defined as follows [3, 4]
C =
κ
τ
τext
√
1+ α2
α is the VCSEL linewidth enhancement factor and κ is the feedback coefficient
given by
κ = (1− Rint)
√
Rext
Rint
.
Rint is the reflectance for the internal DBR VCSEL layers and Rext is the reflectance
of external cavity reflecting layer (as shown in Figure 7.1). τ and τext are the
round-trip propagation time in the laser cavity (length L) and the external cavity
(length Lext) respectively
τ =
2 neff L
c
τext =
2 neff,ext Lext
c
.
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neff and neff,ext are the effective refractive indexes in respectively the internal and
external laser cavity and c is the speed of light.
Thus, the value of the C parameter depends on both the amount of feedback
and, interestingly, on target distance Lext. The feedback parameter is of great
importance, because it discriminates between different feedback regimes:
• For C 1, we have the very weak feedback regime. F(φ) is a cosine func-
tion and the modulation index m is proportional to
√
Rext.
• For 0.1 < C < 1, we have the weak feedback regime. The function F(φ)
gets distorted, showing a non-symmetrical shape; the modulation index m
is again proportional to
√
Rext.
• For 1 < C < 4.6, we have the moderate feedback regime. The function F(φ)
becomes three-valued for certain values of the phase φ, i.e. the system is
bistable, with two stable states and one unstable. The modulation index m
increases for increasing
√
Rext, but it is no longer proportional to it. The
interferometric signal becomes sawtooth-like and exhibits hysteresis.
• For C > 4.6, we have the strong feedback regime. The function F(φ) may
become five-valued, not all the specimens of VCSELs remain in the self-
mixing regime; rather, in some cases the VCSEL enters the mode-hopping
regime and interferometric measurements are no longer possible.
Introducing asymmetry in the VCSEL interference enables the determination
of the displacement direction. Therefore, the feedback parameter is preferably
larger than 0.1. Together with the restriction at the upper side of the feedback
parameter, a functional range of 0.1 < C < 4.6 is obtained.
The feedback parameter is calculated as a function of the external cavity length
(Figure 7.4) in the case of air as an external cavity and in the case of Sylgard®184
as an external cavity, each time with a gold reflecting layer on top (Au coating >
skin depth). The conversion of external pressure into displacement will be guar-
anteed by the use of this compressible PDMS layer as an external cavity which is
applied on top of an ultra-thin flexible VCSEL package (Figure 7.2).
To end up with a feedback parameter within the functional range between 0.1
and 4.6, the following condition is obtained for air acting as an external cavity
material:
18 µm < Lext < 800 µm
To end up with a feedback parameter between 0.1 and 4.6, the following condition
is obtained for Sylgard®184 acting as an external cavity material:
13 µm < Lext < 570 µm
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Figure 7.4 – Optical feedback parameter for different external cavity lengths and different
external cavity materials.
7.3 Discrete proof-of-principle set-up
A discrete set-up was developed to mimic and prove the working principle of this
new integrated sensing mechanism. This proof-of-principle set-up is schemati-
cally shown in Figure 7.5 and consists of different building blocks which are read
out in parallel by a PC through GPIB. An unpackaged wire bonded VCSEL was
put on a fixed location and a movable reflector acting as the external target (Rext)
was positioned close to the active area. This movable reflector consisted of a coat-
ing layer of evaporated gold on top of a multimode silica fiber with a 62.5 µm core
diameter. This fiber was clamped on a precision microstage and connected to an
optical power meter. The external cavity consequently consisted of an air gap
between the light emitting area of the VCSEL (∆z = 0) and the movable reflector
(∆z = Lext). The electrical parameters of the VCSEL were driven and read out
through a Source Measure Unit (SMU).
Figure 7.6 is showing an overview of the full measurement set-up (top), a detailed
view on the fiber alignment on top of the VCSEL light emitting area using CCD
cameras (middle) and the actual view of the cameras on the wire bonded VCSEL
and Au coated fiber facet (bottom).
It is important to mention that the ULM Photonics VCSEL which is used for the
remainder of this chapter is a 850 nm multimode VCSEL array with top-top con-
tacts. These VCSELs typically emit only one mode up to a driving current of
i
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1 mA. Increasing the VCSEL current will induce a higher number of modes being
emitted by the VCSEL [13, 14].
Δz
SMU
Power 
meter
PM500 
Controller
PC
GPIB
GPIB
GPIB
GPIB
photo-
detector
PM500 
XYZ stage
fixed stage
Lext
Rext (Au coating)
0
optical 
fiber
wirebonded 
VCSEL
Figure 7.5 – Schematic view of the discrete proof-of-principle set-up.
7.3.1 Time domain results
Moving the fiber reflector 4 times over 5 µm using displacement steps of 50 nm
results in a periodic variation of both the monitored optical power and electrical
VCSEL driving current while the VCSEL voltage is kept constant. A Keithley 2400
SMU is used to control the VCSEL junction voltage and read out the VCSEL driv-
ing current. The resulting electrical and optical power fluctuations for a VCSEL
driving voltage of 1.5 V are shown in Figure 7.7. A reference measurement (reflec-
tor is not moving) is included for all measurements. From Figure 7.7b, the first
trend we observe in the experimental signal is a slow optical power variation
coinciding with the displacement variation shown in Figure 7.7a. The larger the
external cavity length is, the less power is coupled to the optical fiber. The second
trend we observe is a fast periodical variation due to the optical feedback effect
and superimposed on the slower optical power variation. A total of roughly 48
periods can be observed, demonstrating the 425 nm (λ/2) periodicity. The optical
power signal is oscillating with a peak-to-peak variation of 10 nW. The informa-
tion we can extract on the exact periodical shape of the waveform is rather limited
as the data acquisition speed is limited to roughly 7 points each interferometric
period. The electrical current signal (Figure 7.7c) is not showing any significant
difference between the reference and the experimental measurement. Probably
the optical feedback power is too low to modulate the electrical parameters.
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The same measurement is repeated with a driving VCSEL voltage of 1.6 V (Fig-
ure 7.8). Variations in the optical power (Figure 7.8b) show a similar behavior as
for the previous measurements although some higher harmonic effects are visi-
ble, possibly due to the multimodal behavior of the VCSEL. The electrical current
measurement (Figure 7.8c) however now exhibits a similar modulated behavior
confirming the ability to read out the VCSEL interference effect through the elec-
trical current.
When further increasing the VCSEL driving voltage to 1.7 V (Figure 7.9), a similar
VCSEL behavior is observed both for the optical power and electrical current. The
peak-to-peak variation is 8 µW for the experimental measurements in Figure 7.8b
and 7.9b, and 8 µA for the experimental measurements in Figure 7.8c and 7.9c.
7.3.2 Frequency domain results
To evaluate in detail how the experimental optical power and electrical current
variations relate to the theoretical periodicity of 425 nm, frequency analysis is per-
formed on the time domain results. Therefore the optical power/electrical cur-
rent values corresponding to the same displacement position are averaged out
resulting in unambiguous power and current versus displacement values. The
linear trend is removed from the experimental signals and zero-padding (210)
is applied to increase the resolution in the frequency domain. The sample fre-
quency is the inverse of one displacement step of the stage in the time domain
( fs = 1/50 nm). A Fast Fourier Transform (FFT) operation is applied on the
resulting datasets and the power spectral density information is consequently
extracted. The results are shown in Figure 7.10. The Full Width at Half Maxi-
mum (FWHM) is similar for all measurements, ≈ 0.24 µm−1. Determining the
maximum values for all the averaged measurements yields the reciprocal inter-
ferometric signal period. These calculated periods of the analyzed interferometric
signals at different driving voltages are depicted in Table 7.1 and are varying be-
tween 403 nm and 410 nm, slightly lower than the expected 425 nm. Because of
the low sample frequency and the translation stage inaccuracies, these values are
definitely acceptable.
Table 7.1 – Frequency analysis of the discrete proof-of-principle results.
Measured quantity Driving voltage Reciprocal interferometric signal period
Optical power 1.5 V 406 nm
Electrical current 1.5 V -
Optical power 1.6 V 403 nm
Electrical current 1.6 V 406 nm
Optical power 1.7 V 406 nm
Electrical current 1.7 V 410 nm
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Figuur 4.13: Verwezenlijking van de niet-ingebedde experimentele opstelling met een multimode
vezel voorzien van een fijne goudlaag als externe reflector en de alignatie ervan
64
Figure 7.6 – Discrete proof-of-principle set-up. (top) Overview of the full measurement set-up. (mid-
dle) Fiber alignment on light emitting area of the vertically mounted VCSEL. (bottom) Camera view on
the wire bonded VCSEL and fiber mirror facet.
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(a) Position of the movable reflector which was mounted on a microstage.
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(c) Variations in the electrical current.
Figure 7.7 – Discrete proof-of-principle result with a VCSEL driving voltage of 1.5 V.
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(a) Position of the movable reflector which was mounted on a microstage.
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(c) Variations in the electrical current.
Figure 7.8 – Discrete proof-of-principle result with a VCSEL driving voltage of 1.6 V.
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(a) Position of the movable reflector which was mounted on a microstage.
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(c) Variations in the electrical current.
Figure 7.9 – Discrete proof-of-principle result with a VCSEL driving voltage of 1.7 V.
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(b) Electrical current at 1.5 V:
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(c) Optical power at 1.6 V:
power spectral density.
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(d) Electrical current at 1.6 V:
power spectral density.
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Figure 7.10 – Frequency analysis of the interferometric read-out signals at different VCSEL
driving voltages.
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7.4 Integrated VCSEL sensor approach
7.4.1 Fabrication
The proposed integrated optical pressure sensor consists of a flexible optoelec-
tronic package (an ultra-thin flexible VCSEL package), a deformable PDMS layer
acting as an external cavity and a reflecting top layer providing optical feedback,
as illustrated in Figure 7.2. To fabricate a flexible and ultra-thin package, the
850 nm multimode GaAs VCSEL die (1x4 array with top-top contacts, 250 µm
pitch, ULM Photonics) was thinned down to 20 µm and embedded in a flexible
polymer package of 40 µm thick using a dedicated integration process which was
extensively optimized and characterized in Chapter 4 and [15].
This VCSEL package was fabricated on a temporary glass substrate and on the
VCSEL package a 50 µm thick PDMS layer, Sylgard®184 from Dow Corning, was
spin-coated (Figure 7.11, package A). To enhance the mechanical robustness, the
reflecting copper layer was sputtered on a non-functional flexible package. After
patterning the metal layer, a 50 µm thick PDMS layer, Sylgard®184 was spin-
coated on top (Figure 7.11, package B). Finally, both the VCSEL and mirror pack-
age were released from the glass substrate and the PDMS layers were treated with
an air plasma (Diener Pico, 0.8 mbar, 24 s, 190 W, 40 kHz generator). After align-
ing the reflecting layers with the VCSEL active areas, both packages were brought
into contact, creating an irreversible bond and a total transducer layer thickness
of 100 µm, perfectly within the functional range of the transducer thickness val-
ues derived in Section 7.2. A similar approach can be used to create other types
of sensors measuring other parameters such as shear force [8, 16].
7.4.2 Characterization of the sensor
The pressure sensor was mechanically characterized by applying a controlled
displacement with a microtip and simultaneously reading out the correspond-
ing force experienced by the tip. During sensing operation, the VCSEL driving
current was held constant and the VCSEL voltage was read out. Monitoring the
optical power and wavelength changes requires additional read-out equipment
effacing the integration advantages and is therefore avoided. An example of a
characterization set-up is depicted in Figure 7.12 (for illustration purposes only,
the integrated reflecting layer is not shown). Characterization tests were per-
formed using a nanoindenter Asmec UNAT-M set-up with spherical indentation
tips, located at Flamac [17], a division of SIM vzw. Also manual loading and
unloading was used to characterize the VCSEL sensor.
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VCSEL array chip
reflecting layer
(external target)
Ultra thin flexible VCSEL package
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Figure 7.11 – Schematic overview of the integrated VCSEL sensor principle.
Figure 7.12 – Microscope view of a force applying unit of top of the integrated pressure
sensor (reflecting layer not shown).
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7.5 Integrated VCSEL sensor results
7.5.1 Linear displacement variation
Embedded VCSEL arrays are subjected to a linear displacement variation. The
spherical indentation tip (10 µm or 150 µm radius) is actively aligned on top of
the VCSEL light emitting area. The applied displacement and corresponding
measured force values for the different indentation tips are shown in Figure 7.13
during the indentation and release of the tip. There is a clear difference in mate-
rial behavior when using different indentation tips on the compressible sensing
layers.
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(a) Force-displacement curve with a 10 µm spher-
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spherical indentation tip.
Figure 7.13 – Linear displacement and corresponding force applied on the integrated pres-
sure sensor.
For the initial characterization tests, the 10 µm spherical tip was used and the
measurements were limited to the indentation. The release was not taken into
account. Table 7.2 summarizes the relevant integrated measurement parameters.
The detailed force-displacement curve is depicted in Figure 7.14. The electrical
current is kept constant at 1 mA and the variations in the electrical VCSEL junc-
tion voltage were monitored through a Keithley 2400 Source Measure Unit (Fig-
ure 7.15a).
Roughly 22 periods are visible in the time domain signal and given that 1 pe-
riod corresponds to a change in external cavity length of 301 nm (neff,ext = 1.41 @
850 nm), an experimentally measured displacement of 6.6 µm is obtained. The
difference between the actual displacement and the experimentally measured
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Table 7.2 – Test parameters for the linear displacement experiments.
Parameter Value
Indentation set-up Asmec UNAT-M
nanoindenter
Indentation tip diameter 10 µm
Indentation depth 10 µm
Indentation position Alignment of indent tip
on the VCSEL active area
VCSEL driving current 1.0 mA
Multiplexing Off
Sampling rate 64 Hz
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Figure 7.14 – Linear displacement and corresponding force applied on the integrated pres-
sure sensor.
value can be explained by a 3.4 µm compression of the polymer embedding lay-
ers, including the mirror package with the reflecting layer (Figure 7.11). This
effect becomes more important for higher force values.
Signal processing, including a low-pass 3th order Butterworth filter and a FFT
(details were described in Section 7.3.2) to determine the spatial frequency of the
signal, yields a peak frequency in the power spectrum at 2.27 µm−1 (Figure 7.15b).
This spatial peak frequency corresponds to a reciprocal interferometric signal pe-
riod of 441 nm whereas the expected theoretical value is 301 nm.
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(a) Measuring the electrical voltage variation (2 mV peak-to-peak) while keeping the driv-
ing current constant at 1 mA during a 10 µm indentation.
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(b) Result of frequency analysis performed on the measured VCSEL voltage variation.
Figure 7.15 – Time domain and frequency domain result during a linear displacement
variation experiment on the integrated VCSEL sensor.
From further analysis of the results in Figure 7.15a, a 2 mV peak-to-peak signal
variation can be derived. This yields a displacement responsivity of 4.71 µV/nm.
Through the Sylgard®184 Young’s modulus, a pressure reponsivity of 26.2 µV/mbar
is obtained.
State-of-the-art ultra-thin electronic pressure sensors can for example be based on
organic transistor active matrixes [18], having a typical pressure responsivity of
0.022 µA/mbar.
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7.5.2 Spatial sensing range
The spatial responsivity of the sensor was checked by scanning an indentation
matrix of 7 x 7 sensing points on a total area of 240 µm x 240 µm on the VCSEL
emitting area (Figure 7.16, left) and using the indentation sphere with a radius
of 150 µm and forces up to 300 mN. The driving current was kept constant at
1 mA, the electrical voltage variations were monitored and frequency analysis
was performed as described in the previous section. The resulting spatial peak
frequencies are shown in Figure 7.16, right (linearly interpolated between the 49
measuring points) and a peak frequency of 2.52 µm−1 is obtained on top of the
light emitting area. The sensor responsivity has dropped to 50 % at 200 µm from
the central area.
240 µm 
240 µm 
7 x 7 indentation matrix 
VCSEL light 
emitting area 
Figure 7.16 – Measuring the spatial dependency of the VCSEL sensor.
(left) Top view of the VCSEL array with schematic representation of the indentation matrix.
(right) Frequency analysis performed on each indentation point.
7.5.3 Resolution doubling
An interesting phenomenon has been observed during experiments involving a
discrete external mirror instead of the integrated reflecting layer (deposited on a
non-functional flexible package, Figure 7.11). This external mirror consists of a
rigid glass substrate with an evaporated gold layer (10 to 20 nm). Manual load-
ing and unloading of different weights on the glass substrate (roughly 1 cm by
1 cm) is applied. The multimode VCSEL is driven using voltage steering (1.8 V)
and the current is monitored through a GPIB connection with a 11.7 Hz sampling
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frequency. One measurement consists of 2500 samples.
The resulting graphs (Figure 7.17) clearly show the time at which pressure is ap-
plied (t ≈ 15 s) and the time at which pressure is released (t ≈ 105 s). Due to
aging effects of the embedded chips and interconnecting copper tracks, the total
resistance value is also considerably higher than during previous measurements.
The first trend which can be observed in Figure 7.17a is a significant increase in
the mean current level after pressure is applied and a slow returning process to-
wards its initial value after pressure release. This influence on the VCSEL current
(< 1 %) is probably due to a changing resistance when applying a certain pressure
and through this action compressing the different layers of the VCSEL stack.
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(a) Full measurement.
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(b) Detailed view.
Figure 7.17 – VCSEL sensor current response to a pressure step function of 73.53 kPa ap-
plied at t ≈ 15 s and released at t ≈ 105 s. The VCSEL driving voltage is 1.8 V.
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Next to these changes in the DC current level, there are also interferometric ef-
fects occurring during the experiment. These effects are hardly visible in the first
part of the measurement. This is probably due to a high noise level in combina-
tion with the fact that the pressure is not applied gradually, but rather imposed as
a step function. During pressure release, an interferometric signal is visible (de-
tailed view in Figure 7.17b) with a double periodicity. The spacing between 2 pe-
riods is gradually increasing after pressure release indicating a hysteresis (mem-
ory) effect of the transducer layer. This effect is due to the viscoelastic character of
the PDMS layer preventing a fast recovery of the sensor. The sensing layer conse-
quently has a certain time constant which has to be taken into account, this effect
will be further explained in Section 7.5.5. The double periodicity effect can be ex-
plained by the multimodal behavior of the VCSEL (starting from IVCSEL ≈ 1 mA).
The signal consists of ≈ 30 double periods, corresponding with ≈ 12.75 µm.
7.5.4 Multiplexing
One of the major advantages associated with the use of VCSEL array chips, is the
possibility to address several VCSELs in parallel enabling different multiplexed
sensing nodes on a small area (VCSEL chip size is typically 1 mm by 0.35 mm).
Using even larger VCSEL arrays or extending the sensing area to a matrix can
lead to extensive multiplexing resulting in distributed pressure sensing. The typ-
ical spatial resolution (spacing between 2 sensing points or light emitting areas
on the chip) is 250 µm.
The size of traditional piezoresistive or capacitive tactile sensors in literature typ-
ically comprises several millimeters [8] (Chapter 1, Tables 1.3 and 1.5, size of 1
sensor). State-of-the-art ultra-thin electronic pressure sensors [18] have a typical
spatial sensing resolution of a few mm.
In this paragraph, the 1 x 4 ULM Photonics VCSEL arrays are used to prove the
multiplexing principle of operation. To do so, an array of 250 (10 x 25) pressure
sensing points with a 50 µm spacing is indented and the corresponding electrical
signals of all VCSELs are monitored simultaneously. The 4 VCSELs are driven in
parallel using an electrical current of 6 mA (1.5 mA each) and a resistive load, with
a resistance roughly 10 times the resistance of a VCSEL, is put in parallel with
all 4 optoelectronic components to equally distribute the current. The voltage
variation of the different VCSELs is read out. An overview of the different test
parameters is shown in Table 7.3.
The result is a collection of 1000 measurements for a 10 µm indentation. An FFT
calculation is again performed to obtain the information in the frequency domain.
The power spectrum graphs are analyzed afterwards and the first peak in the fre-
quency domain is recorded. These peak frequency points are then plotted in a
graph containing the indentation reference number on the x-axis and the obtained
peak frequency on the y-axis. An example for the second VCSEL of the array is
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Table 7.3 – Test parameters for the multiplexing measurements.
Parameter Value
Indentation set-up Asmec UNAT-M
nanoindenter
Indentation tip diameter 300 µm
Indentation depth 10 µm
Indentation position Matrix of 10 x 25 points
ensuring a good coverage
of the VCSEL active area
VCSEL driving current 1.5 mA
Multiplexing 4 points
Sampling rate 64 Hz
shown in Figure 7.18. The 25 different measurement columns (each column con-
tains 10 data points) are plotted in one graph showing increased peak frequencies
between indent number 25 and 150, coinciding with the region around the sec-
ond laser emitting area. The evolution of the magnitude of the peak frequency
is again a measurand for the spatial responsivity of this one VCSEL sensor (see
Section 7.5.2).
The data from Figure 7.18 is now plotted in a three-dimensional plot, again show-
ing the indent numbers versus the peak frequency values. Figure 7.19 clearly
shows a Gaussian shape determining the influence of a pressure applied on a lo-
cation at a certain distance from the VCSEL light emitting area. The light emitting
area is located at the center of the Gaussian beam, close to coordinate (9,6).
Analyzing the data from Figure 7.19, we find that the peak frequency drops to
50 % of its maximum value after 3 to 4 measurement points (both in X and Y). This
corresponds to a spatial sensitivity range ranging between 150 µm and 200 µm,
perfectly in line with Section 7.5.2.
In the case of multiplexing, four power spectrum graphs similar to Figure 7.18
are obtained. A three-dimensional graph incorporating the maximum frequency
values of all 4 VCSELs (plotted on top of each other) is shown in Figure 7.20.
Using the information from Figure 7.20 as a calibration input for the VCSEL sen-
sor, it is now possible to determine the location and the magnitude of a certain
pressure applied on a location within the sensing range of the total VCSEL array
(at this moment 1.25 mm x 0.5 mm, but easily expendable to larger areas).
Every VCSEL has a radial sensing range of about 400 µm diameter with respect
to its emitting middle. The profile of the distribution is nicely Gaussian, meaning
that it can easily be interpolated by software to further enhance the measurement
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Figure 7.18 – Peak frequencies for the second VCSEL. The columns of the indentation
matrix are plotted next to each other: column 1 comprises Indent number 1 - 10, column 2
Indent number 11 - 20, etc.
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Figure 7.19 – Peak frequencies for the second VCSEL plotted as an overlay on the inden-
tation matrix.
i
i
“BVH˙book” — 2013/10/24 — 10:07 — page 249 — #291 i
i
i
i
i
i
7.5 Integrated VCSEL sensor results 249
5
10
15
20
25
2
4
6
8
10
0
0.5
1
1.5
2
 
X [indent number]
Y [indent number]
 
f m
a x
 [
µ m
−
1 ]
0.4
0.8
1.2
1.6
2
Figure 7.20 – Peak frequencies for all 4 VCSELs plotted as an overlay on the indentation
matrix.
accuracy. Knowing the middle and a couple of points around it can fully recon-
struct the beam shape.
7.5.5 Indentation speed
The reaction speed and the time response of the sensor are important parameters
when using the sensor in real-life applications. The PDMS transducer material
largely determines the dynamic behavior of the sensor. Because of the PDMS
memory effect (hysteresis) observed in earlier measurements, it is interesting to
investigate the step response to indentations with varying displacement applica-
tion speed. All relevant testing parameters are summarized in Table 7.4 and a
typical characterization result including both the indentation and release process
is shown in Figure 7.21. Figure 7.22 depicts a detailed view on the 50 s and 100 s
measurements.
From Figure 7.21 it can be seen that for the lower indentation speeds, the signal
gives proper and repeatable results. At an indentation time of 20 s, the signal
starts to deform with respect to the previously obtained signals. The 10 s inden-
tation speed does not at all resemble the first two measurements (100 s and 50 s
respectively). This distortion can be partially attributed to a sampling rate which
is too low as the sampling frequency is not over the Nyquist criterion minimum
for the complete signal power spectrum.
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Table 7.4 – Test parameters for the measurements with varying indentation speed.
Parameter Value
Indentation set-up Asmec UNAT-M
nanoindenter
Indentation tip diameter 300 µm
Indentation depth 10 µm
Indentation position Array of points
ensuring a good coverage
of the VCSEL active area
Indentation time 100 s, 50 s, 20 s, 10 s
VCSEL driving current 1.0 mA
Multiplexing Off
Sampling rate 64 Hz
−0.5
0
0.5
0 2 4 6 8 10
V
ol
ta
ge
va
ria
tio
n
[m
V
]
Displacement ∆z [µm]
8 6 4 2 0
−0.5
0
0.5
−0.5
0
0.5
−0.5
0
0.5
Indentation Release
10 s
20 s
50 s
100 s
Figure 7.21 – Sensor response for a 10 µm indentation with varying indentation times,
respectively 100 s, 50 s, 20 s, 10 s.
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Figure 7.22 – Detailed sensor response for a 10 µm indentation with varying indentation
times, respectively 100 s and 50 s.
There might be an influence of plastic deformation or creep of the transducer
material. In the force-displacement curves of the full sensor stack at the higher
indentation speeds however, no large deformations can be found. Therefore plas-
tic deformation of the PDMS transducer will not be the speed limiting factor.
Looking back to the detailed structure of the incremental pressure sensor stack
(Figure 7.11), the answer probably lies within the distribution of the total dis-
placement within the polymer stack. This sensing stack consists of an ultra-thin
PI/SU-8 VCSEL package, a PDMS transducer layer and a an ultra-thin PI/SU-8
(non-functional) package acting as a support stack for the external cavity reflect-
ing layer. Both SU-8 and PDMS are elastomer materials, belong to the group of
materials called viscoelastic polymers and have been used as mechanical springs
in sensors and actuators. These materials behave partly as an elastic solid at short
time range and partly as a viscous liquid at long time range [19]. PDMS is famous
for its excellent elasticity and flexibility among other types of elastomer [20].
However, by nature PDMS also possesses some small amount of viscous liq-
uid behavior, and exhibits a creeping behavior with time, which may result in
hysteresis up to 3 - 7 % of full signal scale. Also SU-8 shows these viscoelastic
properties by measuring the creep (up to 10 %) [21, 22]. Although the creep is in
first order reversible, this hysteresis effect can significantly influence the device
performance.
Because of this creep time effect, one should always take the possibility into ac-
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count that the sensor does not fully adapt to the actual deformation. Especially
in the case of fast changes in the deformation, the applied force is not translated
into deformation of the underlying VCSEL embedding layers, but rather in en-
ergy storage in the material or plastic deformation. We can conclude that for fast
applications the top layer of the VCSEL sensor is not yet stiff enough. Other pro-
tective layers, such as harder polymers which have a higher stiffness, should be
used to investigate higher indentation speeds.
7.6 Conclusion
A highly accurate integrated incremental pressure sensor sensor was developed
based on optical feedback in an embedded Vertical-Cavity Surface-Emitting laser.
This laser chip can be embedded in a polymer host material and an external cav-
ity, consisting of a compressible transducer material and a reflecting layer, is ap-
plied on top. The transducer layer consists of an external laser cavity of 100 µm
on top of the VCSEL light emitting area. The reflecting layer is coupling part of
the emitted laser light back into the internal VCSEL cavity introducing optical
feedback and causing self-mixing interferometry. This interference signal adopts
a periodic shape corresponding to half the VCSEL wavelength.
By applying pressure and consequently compressing the external cavity and thus
changing the external cavity length, the optical and electrical VCSEL parameters
are modulated. The sensing mechanism was first proven using a discrete proof-
of-principle set-up and the integrated sensing principle has been demonstrated
using a PDMS transducer layer. Characterization test on this integrated sample
were performed using a nanoindenter. Starting from a 850 nm VCSEL, a sensing
displacement resolution in the nanometer range was achieved and the responsiv-
ity to forces up to 300 mN in a 240 x 240 µm2 matrix was measured resulting in
a 2 mV peak-to-peak variation of the electrical driving voltage. More advanced
signal reconstruction techniques can enhance the sensor read-out accuracy.
The use of unpackaged VCSELs reduces the sensor dimensions and minimizes
the distance between two adjacent sensing points. By choosing the appropriate
transducer material, a wide range of tactile sensing applications can be targeted
with this sensor. The use of multimode VCSELs is introducing higher-order mode
effects and offers the possibility to further enhance the sensing resolution. The
VCSEL chip arrays have a typical separation distance of 250 µm between two ad-
jacent emitting arrays. Scanning multiplexed or even distributed sensing points
is enabled when reading out several electrical current values in parallel. The spa-
tial responsivity of a VCSEL sensor typically shows a Gaussian profile with a
sensing radius of 200 µm.
When using the compressible PDMS layer as a flexible transducer interface, one
has to be careful to take into account the viscoelastic effect of this polymer ma-
i
i
“BVH˙book” — 2013/10/24 — 10:07 — page 253 — #295 i
i
i
i
i
i
7.6 Conclusion 253
terial. Particularly the memory effect of the material is limiting the possibility
to read out fast varying forces and according deformations, especially during re-
lease of pressure.
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Conclusion
It’s fine to celebrate success but it is more important to heed the lessons of failure
–Theodore Maiman (1927 - 2007)
8.1 Main contributions to the field of optical fiber
sensors
This dissertation significantly contributed to the emerging field of optical sensors.
More specifically, major steps have been taken to increase the usability of optical
fiber sensing applications and to take away some of the traditional showstoppers
of these sensing systems. The challenges within this field of optical fiber sensors
mainly include the cost effectiveness, size and sensitivity. Within this PhD, sev-
eral technology building blocks were developed to cope with these challenges.
8.1.1 Fiber embedding in polymer host materials
Chapter 3 reported on the development of fiber embedding techniques to inte-
grate optical fiber(s) (sensors) in polymer flexible and stretchable host materials.
The resulting optical sensing skins can be used in a wide range of applications,
for example in robotics, wearable applications or structural health monitoring.
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Next to the possibility of applying the sensors on irregularly shaped objects, ad-
ditional advantages include the responsivity tuning of the sensors because of the
polymer host material acting as a transducer layer.
The embedding techniques were applied on standard silica fiber sensors, spe-
cialty microstructured silica fibers and polymer fiber sensors each possessing
their specific advantages and challenges. All fiber sensors are based on Bragg
gratings reflecting a narrowband spectral range. Highly birefringent microstruc-
tured fibers offer the possibility to perform measurements with limited temper-
ature - transverse strain cross-sensitivity combined with an increased pressure
sensitivity through advanced fiber design. Rather than a change in the absolute
reflected wavelength, the sensing signal is in this case based on the peak sepa-
ration between the wavelengths reflected by the two fundamental modes propa-
gating in the fiber. Polymer fiber sensors have the main advantage of being more
safe and more sensitive. Draw Tower Gratings are an off-the-shelf ready-to-use
product commercially available through FBGS International [1].
Optical fiber sensors have been embedded in planar foils and cylindrical tubes.
There is a clear trend of embedded polymer fiber sensors being more sensitive
than silica. Depending on the embedding material and technique, it is possible
to tune the sensor response. In the case of the microstructured silica fibers, fur-
ther experimental work is needed to fully exploit the advantages of this sensor
approach. Therefore macrostructuring and detailed interface analysis is under
investigation (see Section 8.5.1).
The experimental verification of the tubular sensor devices yielded pressure sen-
sitivities compatible with the requirements of the typical esophageal calibration
measurements.
8.1.2 Integrating optoelectronic components
Chapter 4 described the technology to integrate the necessary driving and read-
out optoelectronic components (lasers and photodiodes) to interrogate the optical
fiber sensors. Integrating the optoelectronic components starts on a chip level by
thinning them down to 20 µm. Depending on the contact pads structure and
substrate material, the thinning parameters vary. Then, they are embedded in an
ultra-thin polymer stack of 40 µm. The electrical and optical characteristics of all
the investigated components are preserved after thinning and embedding.
SLEDs offer a broadband spectral range of several tens of nm. Spectral analysis is
in this case needed at the read-out side. As an alternative, VCSELs offer a tuning
range of a few nm but provide an interesting approach to circumvent the need
for a spectral analysis tool. A photodetector is in that case sufficient to read out
the optical fiber sensors.
Two types of optoelectronic packages were considered. SU-8 epoxy serves as the
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main embedding material for the first package type resulting in a flat embedded
component. The second approach yields a PI based package offering a low-stress
alternative with a CTE close to the semiconductor values. On this PI package,
initial reliability (85/85) tests have indicated a limited effect on the characteristics
of the embedded components.
8.1.3 Coupling of integrated optoelectronic components
Fiber coupling is the most tricky part when building a system based on optical
fibers and optoelectronic components. Within Chapter 5, an optical coupling
technology was developed which is combining an efficient coupling strategy
(losses down to 7 dB for fully single-mode systems) and a planarly integrated,
“optical skin compatible” approach. The result is a 500 µm thick PMMA fiber
coupling plug with integrated 45° micromirror. This coupling plug can be at-
tached to an ultra-thin optical package using a one-step alignment procedure
maximizing the optical power budget both at source and detector side of the
optical sensing system.
The combination of these three building blocks into a functional sensing system
as well as a discussion on the cost effectiveness is included in Section 8.4.
8.2 Main contributions to the field of interferometry
based optical sensors
Optical sensors based on self-mixing interferometry in optoelectronic compo-
nents have a working principle inherent to the light generating sources them-
selves. The Achilles’ heel of the integrated fiber based, i.e. fiber coupling opto-
electronic sources and detectors, is consequently avoided. However, this sens-
ing principle is mainly used for free-space (for example displacement) measure-
ments. External optical components (lenses, mirrors, etc.) are needed in this case
to confine the light and to couple a sufficient amount of optical power back into
the laser cavity.
Within this dissertation (Chapter 7), the optoelectronic integration technology
is used to embed VCSEL components combined with an integrated transducer
material and a thin reflecting layer. The external cavity is consequently limited
to typically 100 µm, providing an unobtrusive and ultra-small pressure sensing
unit. By using laser component arrays, this sensing principle is easily extendable
to multiplexed sensing points. The proposed sensing mechanism has also proven
to be readable through the electrical properties of the sensor. Separate optical
power or wavelength detecting units are therefore not needed.
The spatial range of one sensing point is typically 200 µm (FWHM).
i
i
“BVH˙book” — 2013/10/24 — 10:07 — page 260 — #302 i
i
i
i
i
i
260 Conclusion
8.3 Overview of the proof-of-principle systems
Two proof-of-principle integrated optical sensing systems were developed within
this PhD. An integrated sensing system refers to the integrated combination of all
optical and optoelectronic components. The extensive characterization results
of embedded optical fiber sensors (Chapter 3) is therefore not considered as an
integrated sensing system in this section.
8.3.1 Ultra-small integrated optical fiber sensing system
In Chapter 6, a new fiber sensor interrogation system was presented which can
be fabricated ultra-small and fully embedded in a thin polymer stack. The sens-
ing elements are manufactured using mature and commercially available Bragg
grating inscription technology. Driving and read-out electronics and optoelec-
tronics were combined with an Android based acquisition unit resulting in a
portable and compact sensing system. Furthermore, technology was provided to
take the integration a step further and embed the optoelectronics on a chip level
to come up for the first time with a wearable, mechanically flexible optical fiber
sensing system with a thickness below 1 mm. A broad range of new applications,
including tactile sensing, structural health monitoring and biomedical systems,
can be targeted with this unique sensing concept. The interrogation technique
is based on an intelligent VCSEL-photodiode combination. Two interrogation
modes are available: constant current mode and modulation mode. In constant
current mode, the transmitted optical power is monitored at a fixed wavelength
with a maximum acquisition rate (typically 5 kHz). Using the modulation mode
offers full spectral reconstruction. The corresponding wavelength resolution is
depending on the driving frequency and data acquisition rate, and demonstrated
at, but definitely not limited to, 1.5 pm and 4 pm. The wavelength accuracy is lim-
ited by the VCSEL bandwidth and the associated response time varies between 1
and 10 ms.
The optical fiber sensor approach is ideally suited for applications requir-
ing large-area sensing foils. The embedded optical fiber sensing system en-
ables (quasi-)distributed measurements based on multiple or multiplexed fiber
Bragg gratings. It offers an elegant way to detect large-scale movements such
as respiration or impact.
8.3.2 Photonic incremental pressure sensor based on optical
feedback in a polymer embedded VCSEL
A new pressure sensor was developed based on optical feedback in an embed-
ded Vertical-Cavity Surface-Emitting laser (Chapter 7). The traditional free-space
external cavity was replaced by an integrated external cavity transducer mate-
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rial, eliminating the need for additional optical elements. To introduce this feed-
back, an external cavity of 100 µm is created on top of the light emitting area. By
compressing this cavity and thus changing the external cavity length, the optical
and electrical VCSEL parameters are modulated. The sensing mechanism was
first proven using a discrete set-up and integrated samples were subsequently
characterized using a nanoindenter. A sensing displacement resolution in the
nanometer range was achieved and a responsivity to forces up to 300 mN in a
240 x 240 µm2 matrix was measured. More advanced signal reconstruction tech-
niques can enhance the sensor read-out accuracy. By choosing the appropriate
transducer material, a wide range of tactile sensing applications can be targeted
with this sensor.
This sensor approach is best suited for applications requiring high-density tac-
tile sensors. The integrated VCSEL sensor offers the possibility to perform
highly accurate multiplexed pressure measurements.
8.4 Conclusion on the PhD objectives
A conclusion on the PhD objectives as defined in Chapter 1, Section 1.6 is pre-
sented in the following paragraph.
• Polymer fiber embedding Broaden the application domain of fiber sensors by
working towards mechanically flexible and stretchable, typically polymer
based, sensor host materials. Combining these materials with optical fiber
sensors results in a photonic skin for optical sensing.
> Different embedding technologies to integrate optical fiber sensors in
polymer host materials are available. Characterizing the embedded sensors
yielded a range of sensitivities depending on the different fiber - material
combinations. Reliability and cross-sensitivity are remaining challenges.
• Integration and coupling of optoelectronic chips By miniaturizing and integrat-
ing optoelectronic components on a chip level, ultra-small laser and detec-
tor packages are created. These packages can be fiber-coupled when using
them in combination with optical fiber sensors or serve as stand-alone sens-
ing units (intrinsic sensor).
> Several types of optoelectronic sources have been thinned down and
integrated in ultra-thin packages. For different optoelectronic components
(LED, LD, SLED), several integration challenges remain. VCSELs, single-
and multimode, were successfully embedded as driving optoelectronic
sources for fiber sensors or as sensing elements.
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• Simple and cost-effective optical sensor interrogation systems By simplifying and
downsizing the sensing interrogation schemes, the usability and applicabil-
ity of optical sensors can significantly increase.
> A dedicated VCSEL - PD interrogation scheme was developed enabling
fully integrated, cost-effective and highly accurate fiber sensing measure-
ments. Cost effectiveness is one the most important challenges related to
optical sensing systems. Within this PhD, important steps have been taken
to drastically limit the cost of the fiber sensor interrogation units through
the use of simple and low-cost optoelectronic components. The embedding
of these components in ultra-thin packages however is a labor-intensive
process requiring a multitude of processing steps. The ongoing research
on foil based alternatives using low-cost polymer substrate materials in-
stead of spin-coatable layers and roll-to-roll laminating steps will play a
crucial role within the commercialization process of this technology. Many
applications however do not require or do not allow for a fully embedded
sensing system. The interrogation scheme can then be deployed outside
the polymer host material. The interrogation techniques described in this
dissertation can in this case be applied using standard OE packages.
• Ultra-small integrated pressure sensors A sensing alternative for highly accu-
rate pressure measurements can be based on self-mixing interferometry in a
laser consequently avoiding fiber sensors, coupling structures and photode-
tectors. By pushing the limits of the optoelectronic integration process, one
can include the necessary polymer transducer layers and reflective coatings.
> An ultra-small and highly accurate pressure sensor was created based on
optical feedback in a multimode integrated 850 nm VCSEL. One interfero-
metric period corresponds to half this VCSEL wavelength. Using VCSEL
chip arrays, it is possible to multiplex high-density pressure sensing points.
8.5 Outlook and future work
8.5.1 Optical skins: macrostructuring and interface properties
The polymer embedding of microstructured silica fiber sensors is further inves-
tigated within the PhD research of Sanne Sulejmani (including macrostructuring
polymer optical sensing skins) and Camille Sonnenfeld (including interface prop-
erties fiber - polymer host material) at B-Phot, VUB.
8.5.2 Multiplexing FBG sensors using tunable VCSELs
The recent progress towards tunable VCSELs, typically fabricated by adding
movable MEMS based top membranes on the VCSEL active region, is yielding
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dynamic tuning ranges of severals tens of nm [2]. These tunable VCSELs were
developed within the EU-FP7 project SUBTUNE [3]. Combining these next-
generation VCSELs with the proposed integration and fiber coupling technology
could enable an elegant way to interrogate multiplexed fiber Bragg gratings in a
single optical fiber.
8.5.3 Polymer waveguide gratings
The ultimate photonic skin consists of a fully polymer based optical sensing foil.
This type of system was created by replacing the silica optical fiber sensors with
polymer fiber sensor alternatives. Several difficulties however, such as rapidly
increasing optical losses and the lack of off-the-shelf interfacing equipment, are
currently limiting the application domain. In order to avoid fiber coupling struc-
tures and increase the compatibility of the sensor structure with the optoelec-
tronic packages, the next step is to use planar sensing layers consisting of poly-
mer waveguide stacks. Adding sensing features to these waveguides (polymer
waveguide Bragg gratings) enables the use of spin-coated sensing layers replac-
ing the discrete optical fibers. As discussed in Chapter 2, Section 2.3.2, the com-
bination of Bragg gratings and polymer optical waveguides offers the promising
prospect to combine the advantages of higher sensitivities with acceptable losses
and integration possibilities. First trials to include Bragg gratings in polymer
waveguide materials, similar to the polymer embedding materials used for the
optoelectronic packages, have been started. Figure 8.1 shows a first grating struc-
ture in LightLink material with a grating pitch of ≈1 µm.
Figure 8.1 – Microscopic image of a LightLink polymer waveguide grating structure.
8.5.4 Composite integration
Next to polymer embedding materials, the use of composite materials (combi-
nation of two or more constituent materials with significantly different physical
or chemical properties) is becoming another key host material for optical (fiber)
sensing systems. The combination of optical fiber sensors and composites is un-
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der investigation within different research institutes. Introducing polymer wave-
guides within composite materials can be a next step towards a highly sensitive
mechanical structure which can be monitored through measurements of the me-
chanical strain, pressure etc. Combining the optical sensing structures in compos-
ite materials enables to anticipate problems and avoid failures, and consequently
significantly prolongs the composite life time. Typical application domains in-
clude aerospace engineering, green energy development and structural health
monitoring in general.
Monitoring multi-axial strain during composite fabrication, usage and servicing,
is exactly what the Self Sensing Composites project [4] is aiming for. A first in-
tegrating test for epoxy based polymer optical waveguides (Epocore/Epoclad
stack) is shown in Figure 8.2, depicting a waveguide stack embedded in a carbon-
fiber-reinforced polymer host material, fabricated using an autoclave technique.
(a) Stand-alone waveguide foil. (b) After composite embedding.
Figure 8.2 – Cross-sections of polymer optical waveguides: Epocore/Epoclad stack.
References
[1] FBGS International. (Accessed 2012) Company website. [Online]. Available:
http://www.fbgs.com/
[2] M. Maute, G. Bohm, and M. Amann, “Long-wavelength tunable vertical-
cavity surface-emitting lasers and the influence of coupled cavities,” Optics
Express, vol. 13, no. 20, pp. 8008–8014, Oct. 2005.
[3] SUBTUNE Consortium. (2008) Widely tuneable vcsel using sub-wavelength
gratings. [Online]. Available: http://www.subtune.org/
[4] SSC Consortium. (2013) Self sensing composites. [Online]. Available:
www.selfsensingcomposites.be/
i
i
“BVH˙book” — 2013/10/24 — 10:07 — page 265 — #307 i
i
i
i
i
i
i
i
“BVH˙book” — 2013/10/24 — 10:07 — page 266 — #308 i
i
i
i
i
i
